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Most studies on the electrical stimulation of nerves deal exclusively 
with the fibers of highest excitability, since the threshold response of the 
muscle supplied by the nerve is usually taken as an indicator of activity. 
The different elements of a multifibered nerve possess, however, as is well 
known, varying excitabilities; it is therefore possible that any conventional 


value, adopted to define the excitability, may represent a deviation from a 
mean and will then be inaccurate. A quantitative study of the distribu- 
tion of excitabilities in multifibered nerves is obviously desirable. Ren- 
qvist, Hirvonen, Uotila and Arvola (1932) have recently published a paper 
on the subject, but, as will be shown in later discussion, their data are 
incomplete and many of their conclusions are inadmissible. 

In the exposition which follows these abbreviations will be used: n 
= number of fibers; r = rheobase;¢ = time; v = voltage. 

Mertuop. Cats under dial anesthesia were used. The nerves studied 
were the cervical sympathetic supply to the nictitating membrane, the 
vagal supply to the heart and the pilomotor system in the tail. The iso- 
tonic contractions of the nictitating membrane were recorded on a kymo- 
graph through a light lever (2 gm. tension). The heart beats were re- 
corded from the intact thoracic wall by means of a tambour system; this 
method avoids the perturbing influence of the anticoagulants necessary in 
a manometric procedure. The angles described by an isolated hair, or, 
more commonly, a small tuft, were read directly from an adjacent pro- 
tractor as described by Rosenblueth (1932b). 

Preganglionic fibers were stimulated,—the cervical sympathetic and 
the vagus in the neck, and the abdominal sympathetic chains at about 
the level of L5. 
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Two types of electrodes were employed. In some cases silver wires, 
0.5 to 1 em. apart, were applied to the nerve and shielded from surrounding 
tissues, the cathode being proximal to the muscle. In other cases the 
nerve was cut and about 1 cm. of the distal end dipped in Ringer’s solution 
or defibrinated blood in contact with a silver cathode; the anode was an 
indifferent subcutaneous metal plate. This second type of electrode was 
used to insure a homogeneous distribution of the potential to all the fibers 
in the nerve. The results obtained with the two types of electrodes were 
similar. 

Although the three neuromuscular systems employed respond definitely 
to a single nervous volley, the response is so small that its quantitation 
would be difficult and inaccurate. For that reason, repetitive stimulation 
at a frequency of 2 per second was commonly used. The results of such 
stimulation on the cervical sympathetic were controlled by quantitating 
the muscular responses to single shocks after cocaine (8 mgm. per kgm. 
intravenously) had augmented the responses (Rosenblueth and Rioch, 
1933). For single shocks either condensers or galvanic currents and a 
Lucas pendulum were used. The repetitive stimuli were condenser charges 
produced through mercury contacts attached to a metronome. Com- 
parable results were obtained by the two methods. 

All the observations were controlled by random determinations, or by 
successively increasing and then decreasing the independent variables and 
by periodic observations of the responses to a given stimulus chosen as a 
standard. A few experiments presenting wide deviations were discarded. 
The calculation of the effective duration of the condenser charges from the 
capacities was done by mvans of Lapicque’s (1926) formula: t = 0.37 CR. 

Resutts. A. Distribution of voltage thresholds. The duration of the 
stimuli being constant, the relations between the varying voltage and the 
corresponding responses are illustrated for the nictitating membrane by 
any of the typical curves plotted in figure 1. The curves are similar to 
those obtained by Hirvonen (1932) and Renqvist, Hirvonen, Uotila and 
Arvola (loc. cit.). Comparable results were obtained from the heart by 
plotting the percentage slowing against the voltage. The pilomotors are 
not satisfactory indicators for studying the distribution of thresholds, be- 
cause it is impossible to observe the responses of all the hairs. If attention 
is fixed on only one or a few hairs the responses are seen to have only few 
grades (cf. Rosenblueth, 1932b)._ The pilomotors were studied in order to 
compare their voltage-duration curves with those obtained in the other 
neuromuscular systems (see section D). 

B. Distribution of time thresholds. A constant voltage was applied at 
varying durations. Asymmetric S-shaped curves, showing a skewed dis- 
tribution, were likewise obtained. The shapes of these curves differ from 
those of the voltage distributions in that the asymmetry is more marked. 
Typical results are illustrated by any of the curves in figure 2. 
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Fig. 1. Voltage-response curves at different durations. Sympathetic supply of 
the nictitating membrane. Dial. Two condenser charges per second. Ordinates: 
responses in centimeters in the record. Abscissae: volts. Indices of the curves: 
capacities in uF. 

Fig. 2. Duration-response curves at different voltages. Sympathetic supply of 
the nictitating membrane. Dial. Two condenser charges per second. Ordinates: 
responses in centimeters in the record. Abscissae: capacities inyF. Indices of the 
curves: volts. 


logt 
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Fig. 3. Voltage-duration curves for different fibers in the sympathetic supply of 
the nictitating membrane. Dial and cocaine. See text for construction of these 
curves. Ordinates: volts. Abscissae: capacities in uF. Indices of curves: per- 
centages of maximal response. 

Fig. 4. Ordinates: log v. Abscissae: log t. For discussion see text. 
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C. Total distribution of thresholds in a nerve. Frequency of stimulation, 
temperature, surface of the electrodes and distance between them, etc., 
being kept constant, the system reduces to the two independent variables, 
voltage and duration, and the corresponding responses. Three families 
of curves may be then obtained. 

Figure 1 shows the first type of these families. A medium stimulus was 
chosen to test for stability of the preparation; the initial response was 1.7 
cm. and progressively decreased to 1.3 cm. 

Figure 2 illustrates the second family. The response to the standard 
stimulus deviated from 7.0 cm. at the beginning to 7.8 em. at the end of 
the experiment. 

Slabbing figure 1 with vertical lines at different abscissae and then plot- 
ting the ordinates at the intersections with the curves against the times 
represented by the corresponding curves will give a family similar to that 
of figure 2. The same procedure applied to figure 2 will lead back to the 
family of figure 1. 

Horizontal slabs, on the other hand, by making a given response con- 
stant, will in both cases yield the third family of curves, the v — ¢ relations 
for all the fibers in the nerve, illustrated in figure 3. It is obvious that 
vertical slabbing of this third family gives back the first one, and horizon- 
tal slabbing reconstructs the second one. 

D. Single voltage-duration curves. The construction of a family of 
curves, as described in the preceding section, implies a large number of 
observations. A preparation is seldom stable enough to make the results 
directly comparable. Not infrequently, with any electrodes, the response 
to a given standard stimulus decreases progressively to as much as 60 per 
cent or less of its original value. It is therefore desirable, in plotting ac- 
curate single v — ¢ curves, to reduce the number of observations to the 
minimum compatible with accuracy. 

As shown in figure 1, the part of the curves which comprises the range 
of the responses between 30 and 70 per cent can be determined by three 
points, at about 30, 50 and 70 per cent of the ordinates. The mean, 50 
per cent, will be accurately determined by two points, one above and one 
below, at about 40 and 60 per cent. In this range the curve is practically 
a straight line. Thus, by using interpolations between observed values, 
the error due to delay is minimized. The trustworthiness of the observa- 
tions may be controlled by examining the slopes of the curves obtained 
(fig. 1). The efficiency of this test is increased by determining a greater 
number of points on two or three of the curves. Table 1 contains some of 
the v — t data obtained by this method. 

E. The ratio voltage/rheobase for a given duration. The ratio v/r varies 
systematically for a given?. In general it presents a minimum at about 50 
per cent of the fibers and a maximum for the fibers of least excitability. 
Table 2 shows some of the values found. 
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TABLE 1 
Voltage-duration data. Repetitive stimulation at the rate of 2 per second 
. Nictitating membrane; Ringer cathode; 50 per cent of the fibers. 
. Nictitating membrane; defibrinated blood cathode; 35 per cent of the fibers 
. Pilomotors; silver wire electrodes. 
. Pilomotors; silver wire electrodes; cocaine. 
). Right vagus to the heart; silver wire electrodes. 


VOLTS 


0 
0 
0 
0 
0 
0 
0 
0. 
0 
0 
0 
0. 
0. 


TABLE 2 


Values of the ratio voltage/rheobase, duration constant, for the different fibers of the 
nerve, in several preparations of the nictitating membrane 


CAPACITIES IN MICROFARADS 
PER CENT OF nm 
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F. Excitation-times. For any given v/r the duration threshold varies 
systematically for the different fibers. This fact is correlated with the 
variability of v/r for ¢ constant. Some excitation-times for different 
values of v/r are given in table 3. 


TABLE 3 


Excitation-times in microfarads for the different fibers of the nerve at different values of 
v/r in two preparations (A and B) of the nictitating membrane 


PERCENTAGE OF FIBERS 


5 | 12 


0.094 


0.063 


0.056 0.040 
0.036 0.030 


0.048 0.047 | 0.045 | 0.055 
| 0.031 | 0.030 0.035 
0.026 | 0.022 0.020 0.024 | 


Discussion. In the preceding exposition of the experimental results, 
percentages of nerve-fibers stimulated have been substituted for per- 
centages of responses recorded (figs. 1, 2 and 3). This substitution is 
based on the plausible assumption that the size of the motor units is inde- 
pendent of the threshold of the fiber supplying the motor unit. The 
assumption is especially legitimate when dealing with preganglionic fibers, 
which connect with several postganglionic elements. In the case of the 
nictitating membrane the percentage of isotonic contraction probably 
represents the percentage of muscle cells involved as a consequence of 
the fact that isotonic and isometric responses of smooth muscle are quanti- 
tatively comparable (Rosenblueth, 1932a). The substitution in question 
would have, however, only a bearing on the shape of the distribution 
curves, and not on the v-t relations, for it is evident that, other conditions 
being constant, identical responses imply an identical number of active 
nerve-fibers. 

Previous experience (Rioch, unpublished) has shown that dial has a 
negligible effect on the time characteristics of autonomic nerve-fibers. 
The intravenous injections of cocaine in the dosage employed produce a 
slight decrease (about 20 per cent) of the mean excitation-time of the prepa- 
ration. The same observation for the local application of cocaine to so- 
matic motor nerves was made by Cardot and Régnier (1926). 

The distribution of both voltage and duration thresholds is probably a 
chance distribution around a mean (figs. 1 and 2). We do not believe that 
any theoretical considerations can be derived from this fact. Renqvist, 


6 | 7 | 8 
(| 1.50 | | mmm | 0.054 | 0.056| 0.063} 0.068| 0.064 
A 4| 1.75 P| 0.034 | 0.036] 0 038 | 0.040 | 0.036 
2.00 0.026 | 0.026 | 0.030 | 0.028 | 0.025 
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Hirvonen, Uotila and Arvola (1932) correlate excitability and cross-sec- 
tion area of the fibers, because the curves of the respective distributions 
can be roughly superimposed by a linear transformation. There are ac- 
tually definite consistent deviations in their superimposed curves, Even 
though the superimposition should be accepted as accurate, no conclusions 
can be drawn therefrom, since other distributions in the nerve or elsewhere 
might give identical curves. In mathematical language the condition is 
necessary for proof of a linear ratio between the two variables, but it is 
insufficient. Hirvonen (1932) asserts that Weiss’ (1901) parameter a is 
constant for a given nerve. As a corollary the chronaxie would be in- 
versely proportional to the rheobase. The chronaxie being, on the other 
hand, inversely proportional to the cross-section area of the fibers 
(Lapieque and Desoille, 1927; and Kreindler, 1927), the rheobase would be 
directly proportional to the area. On the basis of this argument, Renqvist 
et al. correlate the largest fibers with the highest voltages. The argument 
is, however, fallacious. Weiss’ formula, as shown by Lapicque (1926), 
does not fit the experimental data. Furthermore, if Weiss’ formula should 
be applied to the different fibers of the nerve (see fig. 3), the parameter a 
could not be constant since the v — t curves, if brought to a common hori- 
zontal asymptote, would deviate widely. Unfortunately Renqvist et a! 
present exclusively schematic drawings of the v — ¢ curves for all the fibers. 
Finally, the evidence available on the correlation of size of fiber and rheo- 
base points definitely toward a higher rheobase for the smaller fibers (see, 
for instance, Bishop and Heinbecker, 1930). 

Renqvist, Hirvonen and Uotila (1932) assert that the ratio mazimal 
rheobase/minimal rheobase is a constant for any nerve. The present data 
fail to confirm this statement. After making allowance for the relative 
inaccuracy in the determination of the extreme points of the curves (see 
below), the values obtained range at least from 4 to 9 for the nictitating 
membrane in different preparations. 

A review of the literature reveals very few v — t curves for autonomic 
nerves. Chronaxies have been determined (see Fredericq, 1928, for 
references), using either the most excitable fibers (Tedeschi, 1924) or the 
maximum response (Lapicque and Meyerson, 1912) as indicators. The 
latter criterion was chosen by Lapicque because of his belief that these 
systems do not respond to a single nerve-impulse (“nerfs itératifs”). There 
are, however, definite responses to a single shock in the systems under con- 
sideration in the present work. (For a discussion of “iterative nerves” 
see Bishop and Heinbecker, 1930; and Rosenblueth, 1932b). 

The curves plotted in figures 1 and 2 show the larger error introduced by 
choosing the fibers of extreme low or high excitability as indicators. The 
ideal region for studying the v — n or t — n curves is evidently the steeply 
ascending middle part which corresponds to the fibers of mean excitabil- 
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ity. The interpolation method described above (see section D) mini- 
mizes the number of readings, thus rather enhancing than impairing the 
accuracy. 

As pointed out by Bouckaert (1932), if the formula for the v — ¢ curves 
contained only two parameters, the graphs obtained by double logarithmic 
plotting should superimpose in all cases by simple addition or subtraction 
of a constant quantity to the ordinates or the abscissae. Bouckaert 
states that the curves obtained from different nerves do not superimpose. 
This statement may be corroborated by examining figure 27 of Lapicque’s 
(1926) book. The slope of the curves is decidedly variable, although 
Lapicque prefers to consider it constant. 

It is interesting that under constant experimental conditions the double 
logarithmic curves of the different fibers of the same nerve do not super- 
impose. Figure 4 illustrates the deviations obtained in a typical instance. 
The general slope of the lower curves is greater than that of the higher 
ones, so that the lines cluster toward the top. Similar deviations were 
obtained consistently. 

There must then be at least three parameters in the formula for the 
v — t curves. It is therefore not surprising to find that formulae which 
involve only two parameters do not fit the experimental data. Lapicque 
(1926) pointed out the deviations of experimental curves from Weiss’ 
(1901) formula. The present data confirm his criticism. 

Lapicque’s (1926) formula likewise involves only two parameters. It is 
an empirical attempt to interpolate between Nernst’s (1908) law (generally 
accepted as wrong) for the short and Weiss’ for the long durations. Again 
it is not surprising, therefore, that this formula gives rise to consistent, 
systematic deviations. Graphic tests were preferred to numerical compu- 
tations in examining this and other formulae, because slight systematic 


deviations are more clearly shown. Figure 5 shows a typical test. > 


 t+0+v(t — 0)? + 0.166 
was plotted as ordinates against as abscissae, 
t being measured in capacities. As indicated by Lapicque, @ was made equal 
to 3.8 times the chronaxie, read from the curve. If Lapicque’s formula 
were correct, the straight line dotted in the figure should obtain. A 


double curvature was invariably shown instead. 


For Hill’s (1910) simplified formula the test is the following (Blair, 1932): 


r — v 
———;) 1.e., ne = ——-;i.e., log —— = 6t — log uz 
1 — we v 


Hence, if log aes is plotted against /, a straight line should obtain. The 


} 
{ y2 
| 
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value of uw is very closely — (see Lucas, 1910), that is, 0.81. 


line should then cross the axis of the ordinates below 0. 

Figure 6 illustrates the typical deviations obtained. In some instances 
there appeared deviations at the long times, not represented in this figure, 

v 

log " A increasing more rapidly, producing a convexity toward the 
abscissae. 

Incidentally, the same test applies to Blair’s (1932) formula, which is 
identical to Hill’s simplified expression. 

Bouckaert’s (1932) method for using Hill’s (1910) unsimplified formula 
was not applied for the following reason. The simplification affects 


tan ‘9 


30 


Fig. 5. Typical test of Lapicque’s canonical formula. For discussion see text. 
Fig. 6. Typical test of Hill’s simplified formula. For discussion see text. 


mainly the short times, and hardly, if at all, the long ones. Figure 6 
shows that a straight line drawn through the points corresponding to the 
long times does not cross the ordinate axis below 0. The unsimplified 
expression then does not fit the present data either. 

The term excitation-time (Lucas, 1907) has been used here to denote the 
duration of the current necessary to stimulate at any given multiple of the 


rheobase. Different chronaxies (: = 2) for the different fibers of a given 


nerve have been described by Grundfest (1932). Individual fibers were 
stimulated. It might be argued that the necessary shift of electrodes 
would account for the changes in chronaxie because of the possible varia- 
tions in the surface of the real electrodes (Grundfest, loc cit.). The varia- 
tions described in section F are not subject to this criticism. The longest 
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chronaxie may be as much as 50 per cent greater than the shortest. It 
is, therefore, evident that chronaxie, as a measure of the excitability of a 
nerve, is only a rough approximation. 

Moore and Briicke (1931) correlate the different chronaxies with the 
size of the fibers stimulated. Grundfest’s observations contradict this 
statement. Renqvist, Hirvonen, Uotila and Arvola (1932) likewise claim 
that the chronaxie is inversely proportional to the cross-section area and 
to the rheobase. If this were so, the chronaxies should decrease contin- 
ually as the rheobases increase. The data reported in section F show that 
this relation does not hold. Furthermore, if the hypothesis were correct, 
the ratio maximal chronaxie/minimal chronaxie should be equal to the 
ratio mazimal rheobase/minimal rheobase. No such equality was found, 
the second ratio being as much as four times greater than the first in a 
given preparation. 

Further evidence for the variability of the excitation-times of the differ- 


ent fibers is furnished by the variability of the ratio — for a given duration 
r 


(see table 2). Here again there is no parallel variation of this ratio and 
the rheobases. 


SUMMARY 


A quantitative study of the variations in the electrical excitability of 
the different elements of multifibered nerves is presented. 

Contraction of the nictitating membrane and of the pilomotors of the 
tail and inhibition of the heart on electrical stimulation of their nerve 
supply were recorded in the cat. The distribution of voltage (v) thres- 
holds and duration (¢) thresholds and the v — ¢ relations for the different 
fibers (n) were determined. 

Both v and ¢ thresholds yield curves showing a skewed distribution (figs. 
1 and 2). The theoretical significance of these curves is discussed in pp. 
524-525. The v — ncurves obtained at different durations, and the t — n 
curves at different voltages, give two interchangeable families of curves, 
which represent graphically the total distribution of thresholds in the nerve 
(figs. 1 and 2), From either of these two families a set of v — ¢ curves 
(fig. 3), which covers all the fibers, may be plotted. 

Accurate v — ¢ curves may be obtained over a wide range of durations 
by the method of interpolations used (table 1). This is especially inter- 
esting for autonomic nerves, where previous methods have been quite 
unsatisfactory. 

The ratio v/r (r = rheobase) is not constant for a given duration (table 
2). Its value decreases from the fibers of highest excitability to a mini- 
mum at about the mean (50 per cent of the fibers); it then increases again 
to a maximum for the least excitable fibers. Any conventional excitation- 
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time (e.g., chronaxie) is therefore variable for the different fibers, the 
variations occurring in the same direction as do those of v,r (table 3). 
Double logarithmic plotting of the v — ¢ curves (fig. 4) of the different 
fibers in a nerve present different slopes. At least three parameters are 
then necessary in the formula of these curves. Hill’s (and consequently 
Blair’s), Weiss’ and Lapicque’s formulae were tested. All three presented 
systematic deviations, both for short and for long times (figs. 5 and 6). 
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In the present experiments the attempt was made to determine whether 
active parathyroid substance could readily escape from the fetus into the 
maternal organism. The method employed was to inject fetuses in utero 
with parathyroid extract and determine the calcium content of the maternal 
blood serum at intervals of four hours, in order to detect the activity of the 
hormone in the maternal animal in case there proved to be an escape of the 
substance across the placental boundary. 

The question of the influence of the parathyroids of the embryo upon 
the maternal organism has been studied previously by a different method 
(Halsted, 1896; Meinert, 1898; Adler and Thaler, 1908; Werelius, 1913; 
Dragstedt, Sudan and Phillips, 1924; Chandler, 1932). These investigators 
performed partial or total thyro-parathyroidectomies and observed the 
animals during pregnancy. All agreed that there was marked evidence of 
parathyroid insufficiency following operation, despite the existence of em- 
bryos in utero. Instead of finding evidence of a compensatory function of 
the fetal parathyroids in the presence of maternal deficiency, it was noted 
by Werelius, for instance, that thyro-parathyroidectomized pregnant dogs 
went into tetany earlier and died sooner than non-pregnant ones. 

The failure of the fetal parathyroids of dogs near term not merely to 
prevent the death of the mother but even to diminish signs of deficiency 
might be explained by failure of the fetal hormone to pass the placental 
boundary, or possibly by an insufficiency in supply of fetal hormone. _Iso- 
lation of the active principle of the parathyroids by Collip (1926) has now 
made it possible to control this factor of the amount of parathyroid prin- 
ciple present on the fetal side of the placenta. Parathyroid extract of 
standardized potency may be injected directly into the fetus in utero and 
the rate of transmission of a known quantity across the placenta may be 
observed. 

METHOD AND MATERIAL. Ina typical experiment a large dog near term 
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was selected. The uterus was exposed under ether anesthesia, and a fetus 
palpated. The fetal body was held just below the costal margin and a 
fine-gauge needle was directed through the thin uterine wall and mem- 
branes into the region of the dorsal musculature. The barrel of the syringe 
was then fitted into the needle, and an injection of 1 or 2 ec. of parathyroid 
extract containing 20 units per cubic centimeter was given. Three to five 
fetuses were injected, making a total of at least 100 units. (A unit is 
defined as 1/100 of that amount of extract which produces on an average 
a 5 mgm. rise in blood serum calcium in dogs weighing 20 kgm. over 15 
hours). The abdomen was closed and the animal was released from the 
operating table. Blood samples were taken at intervals of 4 hours over a 
period of 17 to 22 hours following injection. Then ether was again ad- 
ministered and the fetuses removed one at a time, blood samples being 
taken from each fetus. After an interval of 10 to 34 hours following 
delivery, the animal was injected subcutaneously with 60 to 100 units of 
the same parathyroid extract previously used, in order to control the 
potency of the extract as well as the sensitiveness of the particular dog 
under observation. 

At the time of the injection of the fetuses, about 1 ec. of phenolsulphon- 
phthalein solution (containing 6 mgm. of the dye as prepared in sterile 
ampules by Hynson, Westcott and Dunning) was taken into the syringe 
along with the total amount of extract to be given. The subsequent ap- 
pearance of the phenolsulphonphthalein in the maternal urine following 
injection into the fetuses along with the parathyroid extract showed that 
the injected material had reached the fetal circulation and the placental 
boundary. The dye served also to distinguish definitely the fetuses that 
had been injected with parathyroid extract. At the end of the experiment, 
the injected fetuses were easily recognized by the pink coloration of the 
urine in the fetal bladder. 

In control injections of the maternal animal following delivery of the 
fetuses, 1 cc. of phenolsulphonphthalein was also added to the parathyroid 
extract and no alteration in activity of the extract was noted. In dog 1, 
the phenolsulphonphthalein was not used and the injected fetuses were 
distinguished by their unilateral location in one horn of the uterus. Cal- 
cium of the blood serum was determined in duplicate by the Clark-Collip 
method (Collip, 1926). The parathyroid extract (Collip) or ‘‘Para-thor- 
mone” used in the experiments was donated by Eli Lilly & Co. 

The present observations were based upon a study of 7 dogs and 44 


fetuses near the end of pregnancy. In 5 dogs, injection of fetuses in utero 
was carried out as outlined in the typical experiment described above 
(table 1). In 2 animals, however, the mother was injected with parathy- 
roid extract instead of the fetuses, thus raising the serum calcium level on 
the maternal side of the placenta. The fetal blood was then examined, 
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TABLE 1 ‘ 
Calcium content of maternal and fetal blood serum following injection of parathyroid ( 
extract into fetuses in utero 
2 a | SERUM CALCIUM CONTROL 
5 a Zz Fetal | Maternal eis Serum 
z | = | | 3 | 2.2 ig 
< = z i s | | a | 
Zz = = | & | 4 es| 
sie) 2] 8 | Se) 2] [22 
| mgm. | mgm.| mgm. | mgm. | 
kgm.| grams | mm. | units | | per | per | per jhours| units | 
} | | | 100 ce.| 100 ce.| 100 ce.| 100 ce. | 
Near term | 1 |12.1) 145 | 130) 4 | 120) 18.2) 12.6) 11.1) 11.3) 21 | 70 )10.7)15 4 
| 14.8) 12.1 
| 16.2) 12.5] 
| 18.4) 
| al | | 
54 days 2 116.7) 77 | 120) 3 | 100) 17.2) 13.8) 11.9) 12.0) 17 | 60 |11.0)15.1 
| | | 18.6) 13.6 | 
| | | | 17.3] 13.6 | 


TABLE 2 


Calcium content of maternal and fetal blood serum following injection of parathyroid 
extract into the mother 
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and the changes in serum calcium concentration were compared with those 
occurring in the maternal blood (table 2). By thus altering the concen- 
tration of a normal metabolite, calcium, first in the fetal blood and then 
in the maternal blood, there was opportunity to gain data regarding the 
mechanism of calcium exchange across the placenta and to observe the 
extent to which the placental tissues regulate the process. 

OBSERVATIONS. In the present experiments, there was no evidence of 
escape of active parathyroid substance from the fetus into the maternal 
animal, despite the direct injection of at least 100 units of parathyroid 
extract into fetuses in utero. No increase in serum calcium concentration 
of the maternal blood was observed, such as occurred following injection of 
the same parathyroid extract into these animals after delivery of the pups 
by hysterotomy. Observations have been repeated on five dogs near the 
end of pregnancy. The serum calcium of the maternal blood was deter- 
mined in samples taken at intervals of 4 hours over a period of 17 to 22 
hours. The maximum calcium concentration observed in two animals is 
recorded in table 1. In the three remaining animals, the maximum con- 
centration was 10.3, 11.0, and 11.1 as compared with a calcium level before 
injection of 11.2, 11.2, and 9.8 repectively. 

That the parathyroid substance actually reached the fetal circulation 
is shown by the escape across the placental boundary and appearance in the 
maternal urine of the dye, phenolsulphonphthalein, which was added to the 
parathyroid extract at the time of injection of the fetuses. Further evi- 
dence is afforded by the elevation of the serum calcium of the blood of the 
injected fetuses in contrast to non-injected ones. 

Additional data regarding the activity of the placental tissue forming the 
boundary between the fetal and maternal blood streams are to be had from 
the observations on the differences in the level of serum calcium in fetal 
blood as contrasted with maternal blood. It is evident from the findings 
in the five dogs in which the fetal blood of 16 injected and 20 non-injected 
fetuses was studied that the serum calcium level of fetal blood is consistently 
higher than that of maternal blood. In two animals, observations are 
given in detail (table 1). The non-injected fetuses average 1 to 2 mgm. of 
calcium per 100 cc. of serum higher than the maternal level. In the fetuses 
that have received injections of parathyroid extract, this difference between 
the calcium level in fetal and maternal blood becomes even more striking. 
For example, in dog 2 the injected fetuses showed a serum calcium level 
of more than 17 mgm. while the maternal level was 12 mgm. The non- 
injected fetuses of this litter averaged about 13.7 mgm. In so far as these 
findings with regard to the distribution of calcium under normal and ex- 
perimental conditions reveal the functioning of the placenta, it is obvious 
that they point to a regulatory activity of the organ in maintaining the 
concentration of metabolites like calcium at different levels in the fetal and 


maternal blood. 
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In view of the fact that the calcium concentration of fetal blood is nor- 
mally higher than that of the maternal blood, it is especially interesting to 
produce an elevation of the maternal serum calcium and observe the in- 
fluence on the blood on the opposite side of the placenta, i.e., in the fetus. 
In dogs 6 and 7 (table 2) it is evident that about 24 hours following sub- 
cutaneous injection of parathyroid extract into the maternal animal, there 
was a higher concentration in the maternal blood stream than in the fetal, 
thus reversing the normal relation. There was evidence however of an 
increase in the fetal serum calcium concentration also, in the course of the 
experiment. For example, in dog 7 at the beginning of the experiment the 
fetal serum calcium probably did not exceed the maternal calcium concen- 
tration by more than 2 mgm., as the previous observations show (table 1). 
Since the maternal calcium is 10.2, the fetal level would hardly exceed 12.2. 
At the end of the experiment, 24 hours following injection of the maternal 
animal, all of the fetuses showed a higher calcium concentration, and the 
average fetal blood level was 14.7 mgm. This change in fetal serum cal- 
cium from about 12.2 to 14.7 mgm. or a rise of 2.5 mgm. in 24 hours corre- 
sponds to an elevation in maternal serum calcium of 5.4 mgm. during this 
period, i.e., from 10.2 to 15.6 mgm. 

The condition of the fetuses during the experiments is especially note- 
worthy. At the end of the experiments, on removal from the uterus, the 
embryos were consistently found to be alive. When it is remembered that 
a single fetus received about 30 units of parathyroid extract, it is evident 
that there is a remarkable tolerance in contrast to the adult animal. For 
instance, in dog 2 a fetus weighing about 77 grams received 33 units or 
about 0.4 unit per gram body weight. The mother which weighed 16.7 
kgm. received 60 units or about 0.003 unit per gram body weight, and showed 
a rise in serum calcium level from 11.0 to 15.1 after 15 hours. The fetuses, 
during a period of observation lasting 17 hours in this case, tolerated more 
than 100 times the amount of extract per gram body weight that caused a 
rise of 4 mgm. per 100 cc. in the serum calcium, when injected into the 
maternal animal. 

Discussion. The present experiments obviously afford no support for 
the view that changes in the maternal organism during pregnancy may be 
due to the influence of the fetal parathyroids. It is true that the para- 
thyroid glands are well differentiated at an early stage of embryonic de- 
velopment. In the human, Weller (1932) finds the parathyroid bodies 
histologically differentiated in an embryo of 10 mm. length. The calcium 
requirement, in view of the rapid skeletal development during intra-uterine 
life, is such that of all the mineral substances, calcium passes in the greatest 
amount from mother to fetus (Seitz, 1926). In the maternal organism 
during pregnancy, changes in the teeth, cranial exostoses, as well as more 
obscure disorders involving edema and tetany have been related to para- 
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thyroid influence. However, in view of the rapidly fatal outcome following 
extirpation of the maternal parathyroids in dogs, despite the presence of 
fetuses in utero, as well as the failure of large amounts of parathyroid ex- 
tract to alter the maternal serum calcium level, after direct injection into 
fetuses in utero, it must be concluded that experimental findings give no 
indication of fetal influence upon the maternal metabolism by an escape 
of the hormone across the placental boundary from fetus to mother. 

The present experiments were of relatively long duration, the period of 
observation following injection of the parathyroid extract extending over 
17 to 22 hours. It would seem that the placental transmission of active 
endocrine substance under these conditions might be detected more easily 
than in observations lasting a few minutes such as is necessarily the case 
following injection of adrenalin or pituitrin into the fetus, or for a few 
hours as in the case of insulin (Snyder and Hoskins, 1927). 

There is evidence that the extract injected into the fetus reaches the 
fetal circulation with little delay, since the dye, phenolsulphonphthalein, 
which is injected at the same time, appears in the maternal urine in less 
than an hour. 

The possibility of the transmission of parathyroid hormone from mother 
to fetus remains undetermined. In dogs 6 and 7, in which parathyroid 
was injected into the maternal animal, the apparent increase in fetal serum 
calcium concentration may be viewed as evidence of the passage across the 
placenta of calcium itself (coincident with the rise of calcium concentration 
of the maternal blood), with plausibility at least equal to that of interpreta- 
tion as evidence of escape of the hormone from mother to fetus. 


SUMMARY 


1. There is no evidence of the placental transmission of parathyroid 
hormone, as indicated by any change in the serum calcium concentration 
of the maternal blood, following the injection of parathyroid extract into 
fetuses of the dog in utero. 

2. In fetal blood, the serum calcium concentration is normally 1 to 2 
mgm. per 100 ec. higher than in the maternal blood. 

3. In fetuses injected in utero with parathyroid extract, the difference 
in serum calcium level between fetal and maternal blood is strikingly in- 
creased, so that fetal blood averages 4 to 7 mgm. higher than maternal 
blood. 

4. Following the injection of parathyroid extract into the maternal ani- 
mal, there is a rise of the serum calcium of the maternal blood above the 
level in the fetal blood. However, the fetal blood does not remain un- 
changed, but shows some increase in serum calcium, thus tending to parallel 
the elevation produced in the maternal blood. 

5. Fetuses remain alive following huge doses of parathyroid extract, 
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tolerating more than 100 times the amount of extract per gram body 
weight which causes a marked rise in serum calcium when injected into the 
maternal animal. 
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In a previous paper of this series it was shown that under the influence 
of pain irradiation the localization of pain points was improved, whereas 
the localization of touch points was impaired. The irradiation was caused 
by “pinching up” a small area of the skin of the forearm with a clamp. 
The effects were reversible and in conjunction with Goldscheider’s find- 
ings they seemed to indicate that pain caused an irradiation in the spinal 
cord which in turn leads to a change in the reactivity of the cortical center 
for touch and pain. Goldscheider, who first called attention to the phe- 
nomenon of spinal irradiation, made some qualitative observations indi- 
cating that pain irradiation may also influence temperature sensations. 
Therefore it seemed desirable to include in our investigations a quantita- 
tive study of temperature sensations under the influence of pain irradiation. 
The experiments reported at this time were designed to test the accuracy 
of temperature localization as well as the duration of temperature sensa- 
tions under well controlled conditions to ascertain the influence of pain 
irradiation upon the temperature sense. 

MetHop. The method to provoke pain irradiation was the same as 
described in the first paper (1931). The localization of warm and cold 
spots was studied in the same fashion as the localization of touch and pain 
spots in the previous communication, and the same precautions were taken. 
Pointed iron rods 1 cm. in diameter were used as temperature stimulators. 
They were either cooled in ice water or warmed in water of 40° to 45°, 
and after drying were applied to cold and warm spots respectively. In 
order to study the influence of irradiation on temperature sensations still 
another method was used. v. Frey’s temperator was applied to a warm or 
cold spot while water of a definite temperature circulated through it. The 
constancy of the temperature of the stimulating device was constantly 
checked by thermometer readings which easily permitted a reading of 
0.2°C. Temperatures of from 15° to 18° and from 38° to 45° were used for 
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cold and warm spots respectively. ‘The temperator was placed vertically 
above the point on the forearm which was to be stimulated and was lowered 
gradually by means of a micrometer screw. The pressure of the tempera- 
tor upon the skin was kept nearly constant. The forearm rested on sand 
bags in a comfortable position. During the complete set of experiments 
the experimental subjects were informed neither about the purpose of 
these experiments nor about the results obtained. The experiments on 
heat and cold localization were performed in the following manner. Five 
or six heat or cold spots were selected on the forearm and each point was 
stimulated five or more times and the results recorded as described in the 
previous paper. Then the clamp was applied for five minutes at a dis- 
tance of 1 to 5 cm. distal from the points selected. An irradiation zone 
extending to or almost to the elbow was regularly observed. Hereafter 
the clamp was removed and the first experiment repeated. This experi- 


r pain irradiation Cold localization under pain irradiation 


Fig. 1. Heat and cold localization under pain irradiation. The left figure and the 
right figure represent the control experiment before irradiation, and after irradia- 
tion conditions respectively. The middle figure shows the localization error under 
pain irradiation. 


ment was done under irradiation conditions. After an interval of at least 
45 minutes, which according to our experience is long enough to bring 
about a complete or almost complete disappearance of the irradiation 
phenomenon, the control experiment was repeated. Twenty-three ex- 
periments were performed with five experimental subjects. 

Resutts. The results were quite uniform. In all but one experiment 
the average error in localization was considerably increased during irradia- 
tion conditions and the effect was regularly reversible. In one experiment 
the irradiation was without influence but in this experimental subject the 
repetition of the experiments led to the result described above. A typical 
experiment is reproduced in figure 1 for cold and for warm localization. 
Frequently it was found that although the errors in localization were con- 
siderably greater under irradiation conditions than in the control experi- 
ments which precede and follow each irradiation experiment, the deviations 
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from the longitudinal axis of the arm were remarkably small. That is to 
say, the errors occurred almost exclusively either distal or proximal, 
whereas the errors in ulnar-radial direction were smali. A summary of the 
experiments is given in tables 1 and 2, from which it may be seen that in 
the majority of the experiments the increased error in localization under 
irradiation conditions is more than 100 and not infrequently even more 
than 200 per cent. 


TABLES 1 AND 2 


Influence of pain irradiation upon the localization heat and cold spots 


B rRRADIA- 


A> CONTROL 
TION A> CONTROL 


SUBJECT Ai CONTROL 


14.6 
19.4 


23 


2 12 
cold | 16 


12 
14 145 


* The numbers represent the errors in localization in millimeters. They were 
obtained by averaging the means of localization errors in five spots each of which 
was stimulated five times. 


As to the interpretation of these experiments it must be borne in mind 
that the temperatures used for stimulation were far greater than corre- 
sponds to the threshold. Therefore the results are hardly explainable on 
the ground that the threshold was simply increased during irradiation 
conditions. Goldscheider reports on such an observation in which he 
found that the threshold for cold spots was somewhat altered. Whereas 
29.5° was the normal threshold, it was changed to 28.5° under irradiation 
conditions. This seems to indicate that the quantitative changes in irri- 
tability are not sufficient to account for the very considerable increase in 
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9 73 141 
7 W. P. 8.6 
9 J.N. 4.5 
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localization errors which were obtained in our irradiation experiments in 
spite of the fact that nearly maximal stimuli were used. The explanation 
seems to lie in the fact that marked qualitative changes occur during irra- 
diation conditions which bring about an indistinctness in the sensation 
which was noticed by all experimental subjects and seems to be comparable 
to that observed in regard to touch sensation under irradiation conditions 
as was described in the first paper. 

It is necessary to consider a possible error in the interpretation of our 
data. In the stimulation of temperature points with a cooled or warmed 
object touch sensations are not excluded, since the stimulator touches the 
skin. It is therefore possible that the greater error in the localization of 
temperature points is merely due to the impairment in touch sensations 
as was described in the previous communication. This objection seems to 
be supported by experimental observations of Pritchard, according to 
whom the localization of heat spots which were stimulated with radiant 
heat (exclusion of touch sensations) is considerably less accurate than that 
of touch points. These objections seem not to be quite conclusive, since 
Pritchard did not compare the localization of heat spots with and without 
the contaci of the stimulator with the skin but rather the localization error 
in two different groups of sense organs. But some preliminary observa- 
tions which will be reported later seem to indicate that the localization of 
warm spots is in fact finer if the temperator touches the skin than if ra- 
diant heat is used with the exclusion of touch sensations. Nevertheless we 
believe that the effect of irradiation on temperature sensations is due to 
specific alteration of the latter ones. A proof for it will be given in a sub 
sequent paper in which it will be shown that irradiation conditions caused 
by stimulation of warm spots influence in opposite ways the warm and 
cold spots, although in the stimulation of both touch sensations are in- 
volved. 

But a more direct proof seems desirable. We therefore investigated the 
duration of a temperature sensation which was caused by bringing a 
temperator after v. Frey (Zimmermann, Leipzig) in contact with the tem- 
perature spot. On account of adaptation the temperature sensation will 
cease after a certain length of time in spite of the continuation of the stimu- 
lation. It was now determined whether the adaptation times were differ- 
ent under normal and irradiation conditions. Sixty-eight experiments 
were performed in thirteen subjects. Each of the experiments consisted 
of three determinations, the first and third taken under normal conditions, 
whereas the second reading was taken under irradiation conditions. All 
experiments showed without exception a decrease in the temperature 
adaptation time under irradiation conditions. Here again it must be em- 
phasized that the stimulation was performed with stimuli far beyond the 
threshold value. The temperatures being applied for cold stimulation 
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varied from 15° to 18°; those for the stimulation of warm spots varied from 
38° to 45°. Some examples are given in figure 2, which indicate at the 
same time the complete reversibility of the phenomenon. It may be said 
that the absolute differences between control and irradiation values were 
somewhat greater in experiments with warm than in those with cold spots. 
It seems to be doubtful whether this is of any significance. It probably 
is due to the fact that in general the adaptation times were longer in ex- 
periments with warm spots than in those with cold spots. 

Discussion. Summarizing the facts described in this and in the pre- 
ceding paper it may be said that under the influence of pain irradiation 


Fig. 2. Experiments on the adaptation time of temperature sensations under con- 
trol (1, 3) and irradiation conditions (2). The left figure represents experiments on 
warm spots, the right figure on cold spots. Ordinates, duration of a temperature 
sensation in seconds. Every line represents one individual experiment performed 
on the same temperature spot. 


the pain sensations are specifically improved (smaller errors in localiza- 
tion), whereas touch, cold, and warm sensations are impaired, as is dis- 
closed in localization experiments and observations on the adaptation 
time of temperature sensations. Proof has been given that the results 
obtained are not simply due to quantitative changes in threshold but that 
qualitative changes are also involved. The facts show some similarity to 
observations of v. Frey on the ““Abstumpfung’”’ of touch sensations (dulling 
of the sensations) under the influence of a stronger touch stimulus. But 
there is an essential difference since in our investigations these changes 
concern sensations of a different “‘modality.” 

The theory of Bernstein and v. Frey assumes that in the grey matter of 
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the spinal cord the impulses are not conducted in well defined pathways 
but irradiate within the grey matter, thus creating a large area of hyper- 
sensitivity which corresponds to a spinal segment under favorable con- 
ditions (Goldscheider). Taeger has recently given some additional proof 
for this theory since he could show that irradiation zones can be set up by 
warm and cold stimuli and that this phenomenon is not caused by periph- 
eral changes but is the expression of a spinal irradiation process. Apply- 
ing this well founded theory (compare also Schriever) to our experimental 
results, it may be said that the irradiation of pain impulses in the grey 
matter of the spinal cord improves pain perception but impairs the percep- 
tion of all other cutaneous sensations (touch, cold and warm sensations). 
This would mean that touch, warm, and cold impulses while traveling 
through the irradiated area in the spinal cord would be diminished in 
intensity on account of the hyperexcitability of the pain-irradiation area. 
The question now arises whether such a reaction is understandable on 
the basis of our knowledge in regard to the general physiological mecha- 
nisms in the spinal cord. In fact some data are known indicating that sim- 
ilar phenomena occur in regard to the motor activity of the spinal cord. 
In a number of papers Uchtomsky reported observations which show that a 
zone of hyperactivity ‘‘attracts” impulses which ordinarily would have 
affected other motor neurons. For example, Uchtomsky found that a 
hypersensitivity of the sphincter ani which was caused by increased intra- 
rectal pressure changed the reactivity of cortical centers completely. In 
such a state the stimulation of the cortical center of the flexors of a leg 
led to defecation movements instead of a flexion of the leg. These and 
similar observations of Ufland are the basis of Uchtomsky’s dominance 
theory which may be stated as follows: If impulses in various afferent 
nerves originating from the stimulation of various end organs reach the 
central nervous system in which some neurons are in the state of hyper- 
excitability the impulses are “attracted” from these neurons and travel 
along the efferent pathways of these neurons. This means in physiologi- 
cal terms that the impulse travels along pathways of the least resistance 
(caused by a lowering of the threshold of the synapse). In this way new 
pathways for the propagation of impulses are opened up which under ordi- 
nary conditions (no increase in excitability) are not used. Potential path- 
ways are made actual ones under conditions of increased hyperexcitability 
of intraspinal neurons. It is of great interest that the physiological char- 
acter of this reaction is proven by experiments of Ufland which show that 
during the clasping state any kind of stimulus will increase the clasping 
reaction in normal and in decerebrate frogs. 

Observations of v. Uexkiill on invertebrates and Magnus on dogs which 
show the influence of the position of an extremity on the type of reflex 
occurring in this leg throw also some light on this problem. Here again we 
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see that the efferent pathway of a reflex is not definitely fixed if the stimu- 
lus remains the same but its character is determined by afferent impulses 
which originate in the stretched muscles. One could say that these motor 
neurons now become dominant since the continued discharges from the 
afferent nerves (summation) lower the synaptic threshold. (Compare 
Gellhorn, 1926, chapter 17, concerning a more complete discussion of the 
problem.) 

Our findings seem to show a strict parallelism to these observations and 
may be considered as an expression of this dominance principle which 
also holds in regard to the propagation of the sensory impulses. Both 
groups of phenomena have the lowering of synaptic resistance in common, 
which is due to continued afferent discharges. The new and surprising 
fact which we see as a result of spinal irradiation caused by continued dis- 
charge from cutaneous sense organs is that the generally accepted specific- 
ity of sensory pathways in the spinal cord does not hold under the con- 
ditions of spinal irradiation. This assumption is made necessary by the 
experimental facts which show a decreased response of touch, warm and 
cold spots under the influence of pain irradiation. Another proof lies in 
the fact that under the influence of cold irradiation of a small area in the 
skin of a forearm a spinal irradiation zone is set up for cold in which 
ordinary touch stimuli evoke at the same time a cold sensation. The 
experiments of Goldscheider and Taeger show conclusively that this is not 
due to a psychic contrast effect of some sort but is based upon a physio- 
logical reaction of the spinal cord. The results of this paper and their 
explanation on the basis of the theory of Uchtomsky fit very well to the 
modern ideas of Bethe on the plasticity of the central nervous system and 
may be considered as a well defined example of this plasticity. 

But it seems necessary to call attention to the fact that a full explanation 
of our observations cannot solely be based on a description of the processes 
going on in the spinal cord under the influence of pain irradiation. The 
marked qualitative change in the characteristics of the sensations seems 
to reflect an interaction of the cortical centers involved. We are inclined 
to infer that similar processes occur in the sensory cortex as were described 
by Graham Brown and Sherrington, and Dusser de Barenne, in regard to 
the motor cortex. 


SUMMARY 


The production of a state of spinal irradiation as is brought about by a 
suitable peripheral pain stimulus causes typical changes in temperature 
sensations which lead to an increase in the localization error of temperature 
points and to a reduction in the adaptation time of temperature sensation 
when constant temperature stimuli are applied. The results are due to 
quantitative (threshold) and qualitative changes in the temperature 
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sensations. A theory of spinal irradiation on the basis of Uchtomsky’s 
dominance theory is briefly outlined. The qualitative changes seem to be 
the result of a mutual influence of the cortical (sensory) centers involved. 
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The earliest researches concerning movements of the eves had to do with 
the center of rotation. Since Kepler pointed out the importance of the 
so called centrum visus or centrum oculi, in 1611, many investigators have 
worked upon the actual determination of this center, without having defi- 
nitely located it. The present paper is written with the belief that the 
present instrument used is more accurate than any constructed heretofore 
and that the treatment of the data obtained is unique in that the idea of 
centrodes, so important in analytical mechanies, has been introduced and 
used to give most satisfactory presentation. 

LITERATURE. With a few exceptions a complete history of ocular rota- 
tion is given in Helmholtz, Physiological Optics, edited by James P. © 
Southhall, 1925, iii, pp. 37-154. The exceptions are given with some of the 
recent literature which has been published since 1925. 

Hartinger (1929) agreed that while the center of rotation was not a mathe- 
matically fixed point, the divergences were of such small magnitude it 
would be permissible to assume it a fixed point in calculating optics. For 
his best subject he located the point 13.5 mm. behind the corneal vertex 
and 0.1 mm. to the nasal side, the accuracy of his measurements permitting 
him to loeate his points within a citcle of not over 1.5 mm. in diameter. 

George, Toren and Lowell (1923) presented a paper which has served as a 
basis for the construction of the instrument used in the present experiment. 
Their instrument has been improved upon in many ways and the treat- 
ment of the data obtained is entirely different. They admit difficulty in 
finding the points of rotation beyond 30° nasalward and 20° templeward, 
but between these positions a point was found which was approximately 
equidistant from the corneal vertex over the excursion of 50°. 

Instead of enumerating the many changes in construction of the new 
instrument, figure 1,'! and method of handling the data a detailed descrip- 
tion will be given of both. 


The instrument was constructed by Mr. Clile C. Allen, an optical expert, to 
whom we wish to acknowledge our gratitude for his patience and untiring service 
We feel that had it not been for his skill, patience and coéperation the instrument 
would never have been perfected. 
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EXPERIMENTAL METHOD. The first thing of importance was to provid 
a means by which we could securely fasten the head of the subject in a 
definite and immovable position throughout a series of observations, thereby 
keeping the skull and therefore the socket of the eye in an unvarying posi- 
tion during the procedure. A wooden bit was so located that the subject 
could take it firmly between his teeth while his head was firmly clamped in 
the desired position with as much pressure as was required by means of the 
universal clamps A (see fig. 1). As it was necessary to adjust these clamps 


exceedingly tight it was found necessary to place a rubber band around the 


head before beginning. The subject was seated in a chair with an adjust- 
able seat and back so as to remove all body and neck strain. Next a 


Fig. 1 


vertical slide B and a horizontal slide C were provided so that the principal 
line of sight could be brought into coincidence with the axis of the viewing 
tube D. 

To be absolutely certain that the subject’s head did not move, a small 
mirror was securely fastened to his temple and the reflection from the 
mirror of a fixed illuminated scale was viewed by means of a telescope con- 
taining a cross-hair that could be adjusted to coincide with a definite num- 
ber upon the seale. One operator continuously viewed the scale through 
the telescope and mirror while the photographing was in progress. 

Located within the viewing tube were two transparent sights made of 
glass illuminated from behind by a small incandescent lamp. One of 
these was provided with a translucent red annulus or ring and the other 
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was provided with a central translucent spot of green, and they were placed 
some distance apart in the tube. The green was of such size with respect 


to the central opening of the annulus that it did not quite cover the opening 


but left a narrow white ring between the red and green surfaces when they 
were viewed from a position coincident with the optical axis of the system 
When the visual axis of the subject was not exactly coincident with the 
optical axis of the viewing tube there would appear an eclipse of the colors 
and they, being of monochromatic colors and complementary to each other 
would produce a black crescent on one side and «a white one on the other 
The production of these crescents informed the operator as to the direction 
in which the subject’s head should be moved to bring the two axes con- 
cerned into coincidence. 

The viewing tube D was so supported that it was free to swing along the 
graduated are F both to the right and left of the primary or zero position 
(straight ahead). The center of this rotation (the are center), through 
which the axis of the viewing tube passed at all times, was the all important 
fixed point which we called 0. Another slide / was provided so that the 
viewing tube, graduated are and the balance of this unit could be moved 
backward or forward as desired until it was possible for the subject to keep 
his principal line of sight in coincidence with the axis of the viewing tube 
for the entire excursion of the eye in the horizontal plane. Since this is 
always possible it is evident that the visual axis of any subject always passes 
through a fixed point, called O, within the eve for the entire excursion of the 
eye in the horizontal plane. 

We call the point where the visual axis passes through the anterior sur- 
face of the cornea 0’. In order to determine the exact distance of O' from 
the point 0 (center of rotation of viewing tube D)) for any position of the 
viewing tube a telescopic tube G was attached to swing with the viewing 
tube in such a manner that the axes of the two tubes were 90 degrees apart 
at all times. Within tube G, at the focus of the objective glass, a vertical 
cross-hair was placed through the optical axis of the tube. 

The distance from the point where the axis of the telescope G and there- 
fore the cross-hair, and the axis of the viewing tube ) intersected, to the 
point O could be adjusted by means of the micrometer screw //. In all the 
readings made in this investigation, the cross-hair was fixed at a distance 
of 13.333 mm. anterior to the fixed point 0. Instead of merely observing 
the position of the point O' with respect to the cross-hair a small camera 
J was attached to the instrument in such a position that light coming 
through the telescopic tube could be turned back into it by means of two 
prisms and photographs made of the relative positions. Two 500 watt 
frosted bulbs were used to furnish the illumination. 

Resutts. Figure 2 is a series of 9 photographs taken with the viewing 
tube at 10° intervals from a position 40° nasalward, to a position of 40° 
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templeward. The photographs were then put under a micrometer micro- 
scope and the distances of point O’ from the cross-hair were measured. 
These distances, however, were not the actual distances for the camera 
reduced the objects slightly. The amount of this reduction was deter- 
mined by photographing a millimeter seale. To bring the photographic 
distances up to actual distances it was necessary to multiply them by 1.078. 
These actual distances were then added to or subtracted from 13.333 mm. 
(the distance from the cross-hair to point O) depending upon whether the 
point O’ was in front or behind the cross-hair. This gives the distance from 
O’ to O, a distance which we eall r. 

We have here an aecurate method of measuring the relative distance 


of point O’ from the fixed point O, for any position of the eye in the hori- 


zontal plane. The photographs could be taken very rapidly and conse- 
quently there was very little fatigue of the eye muscles, it being possible 
to take a series of 48 without changing films. 


Fig. 2 

After adjusting the head properly, as described above, the viewing tube 
Was swung nasalward to 39° and four photographs taken in rapid succession, 
then the tube was swung back through 7° to nasalward 32° and four more 
photographs taken; the process was continued until the tube reached a 
position of templeward 38° where the last four photographs were taken. 
This resulted in twelve groups of four photographs each being taken at 
7° intervals from nasalward 39° to templeward 38° for a total of 48 pictures 
for each subject. 

The average of the four pictures in each position was multiplied by 1.078, 
and added to or subtracted from 13.333 mm., as above indicated. This 
gave values of r for each of the twelve positions of the viewing tube. 

Such observations and calculations were made on 14 subjects. The 
results are averaged in table 1, column 1. In the adjoining column will 
be found the corresponding value of 6, which is the angle the viewing tube 
makes with the primary position. 

By the method of averages, @ was expressed as a function or 7 as follows: 


6 = 0.1763 (r — 13.8)° — 0.0730 (r — 13.8)? + 0.6148 (r — 13.8) —0.0203 
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in which the sum of the residuals was —0.00026, and the sum of the resid- 
uals squared was 0.00727. From this equation we easily obtain 


dr 1 
do 0.5289(r — 13.8)? — 0.1460(r — 13.8) + 0.6148 


Before proceeding to find the centrodes a word of explanation will be 
given. In analytical mechanics it is known that, if the steps are made 
small enough, any motion in a plane may be represented by a series of pure 
rotations about certain points. Each of these points, while in use, is 
called the instantaneous center of rotation. The locus of this instantane- 
ous center forms two curves, one in the plane called the space centrode and 


TABLE 1 
Summary 
(1) Distances O’ to O; (2) angles 6 between visual axis and zero position; (3) the 
observed angle 6 expressed in radians; (4) the angle 6 calculated by means of formula; 
(5) and (6) coérdinates of instantaneous center with reference to X’ O’ Y’ axes; (7) 
and (8) coérdinates of instantaneous center with reference to XOY axes. 


(1) (2) (3) (4) (5) (6) (7) (8) 
OBSERVED | CALCULATED 

mm. degrees mm, mm. mm. mm 
14.732 39 0.68067, 0.63201) 1.066 —14.732 | —0.671 0.828 
14.674 32 0.55851) 0.57892) 1.122 | —14.674 | —0.595 0.951 
14.538 | 25 0.43633) 0.46453} 1.258 | —14.538 | —0.532 1.140 
14.362 18 0.31416 0.33347) 1.429 —14.362 | —0.441 | 1.359 
14.146 11 | 0.19199) 0.19099} 1.592 —14.146 | —0.304 | 1.563 
13.918 4 0.06981; 0.05152) 1.653 —13.918 | —0.115 | 1.649 
13.749 —3 —0.05236| —0.05187; 1.603 —13.749 0.084 1.601 
13.564 —10 —0.17453) —0.17178) 1.473 —13.564 0.256 | 1.451 
13.386 —17 —0.29671) —0.29985) 1.305 | —13.386 |} 0.381 1.248 
13 .282 —24 —0.41888} —0.38286) 1.202 —13.282 0.489 1.098 
13.111 —3l —0.54105 —0.53621) 1.035 | —13.111! 0.533 | 0.887 
12.950 | —38 —0.66322) —0.70389| 0.893 —12.950 0.550 | 0.704 


the other in the body called the body centrode. At any instant the center 
of rotation is the point of contact between the two centrodes, and the mo- 
tion of the body may be represented by the rolling of the body centrode 
upon the space centrode. The point of the body that coincides with this 
point of contact at any instant is the only point in the body that has no 
velocity in space or in the body. 

We shall now proceed to find these centrodes by an analytical method. 
Let O’ still be the point where the visual axis passes through the anterior 
surface of the cornea, let x’, y’ be the coérdinates of this point with respect 
to the XOY axes located as in figure 3, let z, y be the codrdinates of any 
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other point C in the eye. Axes X’O’Y’ are taken fixed in the eye and 
moving with it as shown in figure 4. Let C have codrdinates » and ¢ 
referred to the moving axes X'O’Y’ and from the nature of the problem 
these axes will be inclined at an angle @ with respect to the fixed axes YOY. 
Then we have, 


z = 2'+ 6 — nsin@, 
y = Esin 6+ 7 cos 8, (1) 
but xz’ =rcos8, and y’ = rsin@. 
dx ad dr 
By putting — = “Y — 0 and solving for 7 and — we find », = and &, 
dé dé dé 


= —r the codrdinates of the instantaneous center of rotation referred to 
the axes X'O'Y’ fixes in the body. These values are shown in table 1 and 
are plotted in figure 4. Connecting these by a smooth curve we have the 

body centrode. 
Then solving these two equations simultaneously with (1) and writing 
dr 


x, and y, for the corresponding values of z and y, we obtain z, = — 0 


sind and y, = 76 cosé the codrdinates of the instantaneous center C referred 


to the axes XOY with respect to which the body moves. These are shown 
in table 1 and plotted in figure 3. Connecting these by a smooth curve 
we have the space centrode. 
CONCLUSIONS 

The center of ocular rotation is not fixed, but moves along a curve a variable 
distance, from 1.066 mm. to 1.653 mm. to 0.893 mm., nasalward from the 
visual axis and always on a line perpendicular to the visual axis at O. 

Also a variable distance, from 14.732 mm. to 13.918 mm. to 12.950 mm., 
from O’ to O as the angle of the visual axis takes the positions from 39° to 4° 
nasalward and from 4° nasalward to 38° templeward, respectively. 


If figure 4 is imagined placed upon figure 3 with O, coinciding with O and O’ with 
O,' the C, will coincide with C; and this will be the center of rotation of the eye at 
that instant. As O’ takes the successive positions up to and including O,,’ it will be 
seen that the body centrode will roll upon the space centrode showing the motion 
of the instantaneous center from C, to Ci. 
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The intra-ocular fluid is remarkable in that it carries the respiratory gas 
exchange for certain tissues, the lens and probably also the deeper layers 
of the cornea, without containing any oxygen carrier such as hemoglobin. 
In this sense it resembles the interstitial fluid, yet it is present in sufficient 
volume to allow an analysis of its gas content by methods which do not 
grossly disturb the local blood circulation. For this reason an investiga- 
tion of the gas content of the aqueous is of some importance. In 1922 de 
Haan studied the oxygen content of the aqueous fluid, using a modification 
of the micro-analytic method of Krogh. He found that the oxygen pres- 
sure of this fluid was approximately 40 mm. Hg, very nearly that of venous 
blood. In view of the importance of this observation not only in relation 
to the general physiology of tissue respiration but also in relation to the 
metabolism of the intra-ocular structures, it seemed desirable to repeat 
and extend his studies by a somewhat different technique. 

A bubble of nitrogen was introduced into the anterior chamber of a dog’s 
eye and an equal volume of air was injected into the anterior chamber of 
the opposite eye. In different experiments the bubbles were removed for 
analysis at different times following the injection. When the gas samples 
from the two eyes showed the same composition, equilibrium with the 
aqueous was considered to have been reached. 

Since the total capacity of the dog’s anterior chamber is 0.5 cc., and since 
it was deemed advisable to withdraw not more than 0.4 cc. of aqueous 
before injecting the gas, it was necessary to find a micro-method which 
would give sufficiently precise results without too much complication of 
apparatus. The method selected was that described by Blacet and 
Leighton (1931). Their apparatus was modified by the addition of an 
ivory point, mounted as in a barometer, so that the mercury in the reser- 
voir might be brought back to the same level each time before reading the 
gas volume in the burette. 

The bubble of gas was injected into the dog’s anterior chamber in the 
following manner: a 2 cc. Luer syringe, well greased with stopcock grease 
and fitted with a 26 gauge X 3 inch needle, was placed in cold water and 
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sterilized by boiling. This leaves the dead space in the syringe filled with 
freshly boiled water and minimizes the carrying of atmospheric oxygen into 
the eye. The syringe was removed from the sterilizer, the plunger with- 
drawn to the 0.4 cc. mark (thereby taking in 0.4 ce. of air), and the needle 
thrust into the anterior chamber at the limbus in the lower part of the eye. 
The plunger was withdrawn to the 0.8 cc. mark, drawing 0.4 ec. of aqueous 
into the syringe, and then thrust forward to the 0.4 ec. mark so as to drive 
the whole sample of air into the eye. 

Commercial nitrogen (approximately 98 per cent nitrogen and 2 per cent 
oxygen) was stored for several weeks in a small bell-jar over pyrogallol in 
saturated potassium hydroxide solution, until it was practically free from 
oxygen. The mouth of the bell-jar was closed by a thick rubber membrane 
stretched tightly over it. The nitrogen sample for injection into the dog’s 
eye was taken from the bell-jar in the following manner: the rubber mem- 
brane was sterilized with alcohol, the alcohol removed with sterile salt 
solution, a pad of sterile gauze wet with salt solution was placed over the 
rubber and the needle of the 2 cc. syringe thrust down through the pad and 

rubber. The plunger was drawn back to the 0.4 ce. 
mark, and the needle then withdrawn through the rub- 
ber and gauze. The gauze was used for the purpose 
of wiping from the needle any traces of pyrogallol- 
potash solution which might have adhered to it. The 
gas in the bell-jar was maintained at a slightly higher 
than atmospheric pressure so that no air would be 
drawn into the syringe after the nitrogen sample had 
been taken. The nitrogen sample was injected into the anterior chamber 
in the same manner as that described for the injection of the air sample. 

The gas samples remained in the anterior chambers of the dogs for 
periods of time ranging from 1 to 72 hours, and were then withdrawn and 
transferred to the micro-analysis apparatus. A special instrument was 
used for the transfer, to avoid contaminating the gas samples with at- 
mospheric air (see fig.). In use, the instrument is first filled completely 
with mercury. The needle is thrust through the cornea at the lower 
limbus, and upward to the top of the anterior chamber where the gas 
bubble is found; the mercury bulb is lowered, and the stopcock turned so 
that the gas is drawn into the graduated tube. All of the gas is withdrawn, 
and a small amount of aqueous is allowed to follow it into the tube. The 
stopcock is then closed and the needle removed from the eye. The mer- 
cury reservoir is again lowered, and the cock turned so as to draw the gas 
sample, followed by the portion of aqueous, back through the stopcock 
into the mercury tube. When the aqueous meniscus reaches the middle 
of the stopcock plug, the cock is turned so that the gas is trapped in the 
mercury tube. The curved lower tube of the apparatus is now carried below 
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the surface of the mercury in the reservoir of the analyzing apparatus, and 
the tip inserted into the mouth of one of the analysis tubes, which has been 
filled with mercury. The mercury bulb of the transfer instrument is then 
raised, the stopcock opened, and the gas driven into the analysis tube 
The analyses were made with Blacet and Leighton’s technique. 

The gases were injected into and removed from the eye under morphine 
analgesia, with local instillations of 1 per cent cocain solution. The 
amount of gas removed from the eye varies according to the time the 
bubble has remained in the anterior chamber. Duplicate analyses for 
oxygen and carbon dioxide were made on all samples. 


TABLE 
BUBBLE ORIGINALLY AIR BUBBLE ORIGINALLY NITROGEN 


Partial pressure Partial pressure 
Dog bye Time 
CO. Ye CO: 


min- 


hours 
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Right 
Left 

Right 
Right 
Right 
Right 
Right 
Right 
Right 
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Left 
Left 
Left 
Left 
Left 
Left 
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3: 
2! 
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Mean after 4 hours: 
Partial pressure 
Partial pressure CO, 


In order to transform the readings for the partial pressures of oxygen 
and carbon dioxide obtained in this way into actual partial pressures 
referable to the condition of these gases in the eye, the readings were cor- 
rected in the following manner. The temperature of the gas bubble in 
the aqueous was taken as 37°C. The total pressure within the bubble 
was taken as 760 mm. Hg plus the intra-ocular pressure (25 mm. Hg). 
Since, however, all water vapor was removed from the analyzed sample 
before the analysis was begun, it was necessary to subtract the vapor pres- 
sure of saturated water vapor at 37°C. (46 mm. Hg) from the total gas 
pressure of the bubble in order to obtain the partial pressure of the residual 
dry gas which was actually analyzed. In accordance with this, the read- 
ings obtained on analysis were corrected to 37°C. and 739 mm. Hg. The 
results are recorded in the table. 
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Discussion. The oxygen content of the intraocular fluid is slightly 
above that of venous blood. A consideration of the figures in the table 
indicates that the rate of approach to oxygen equilibrium of a bubble of gas 
introduced into the anterior chamber is considerably greater when the 
oxygen content of the bubble is originally below that attained at equi- 
librium than when the oxygen content of the bubble is originally above the 
equilibrium value. From this it may be concluded that the mechanism by 
which oxygen enters the anterior chamber is different from that by which it 
leaves the anterior chamber. The possibility of an irreciprocal mechanism 
for the exchange of oxygen between the blood and the aqueous indicated 
by these results is in accord with our previous findings as to the irreciprocal 
mechanism of exchange of water between the blood and the aqueous. 


CONCLUSION 
1. The partial pressure of oxygen in the intra-ocular fluid is between 40 
and 50 mm. Hg. 
2. The partial pressure of carbon dioxide in the intra-ocular fluid is more 


variable than that of the oxygen, but the average is slightly below that of 
arterial blood. 
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Stimulation of sympathetic fibers, which deliver impulses to the smooth 
muscle of tail hairs, leg vessels or the splanchnic area, causes a prolonged 
rise of blood pressure and other sympathomimetic effects on distant organs 
which have been either completely denervated or deprived of their sym- 
pathetic nerve supply, such as the heart, salivary gland, nictitating mem- 
brane, and intestine (see Cannon and Bacq, 1931; Bacq and Brouha, 1932; 
Rosenblueth and Cannon, 1932; Bacq, 1933). Since the only connection 
between the denervated structures and the stimulated region was the blood 
stream, and since the effects failed or were minimized when the stimulated 
region was excluded from the circulation while the stimulus was active, 
the conclusion was drawn that a substance, “sympathin,” is set free when 
the smooth muscles are subjected to sympathetic nerve impulses. 

Sympathin has the same effects as adrenin on the various test structures 
mentioned above. In the present research we have found, further, that 
like adrenin sympathin can cause contraction of the pregnant uterus of the 
cat, as well as contraction of the spleen and the blood vessels (see fig. 2A). 
Like adrenin, also, sympathin has its influence increased by a previous 
injection of cocaine (Rosenblueth and Schlossberg, 1931). A character- 
istic reaction for adrenin is given by a substance liberated into the aqueous 
humor of the eye after cervical sympathetic stimulation—presumably 
sympathin (Bacq, 1931). Moreover, the accelerator substance given off 
into the saline perfusate from cardiac tissue when responding to sympa- 

__thetie influence_affects test organs as adrenin affects them (Loewi and 
Navratil, 1926; Lanz, 1928). Because of these various resemblances the 
inference has been drawn that sympathin may be the same as adrenin. In 
the present paper we shall present evidence that sympathin is not only 
different from adrenin, but that there are two sorts of sympathin. 

Sympathin differs from adrenin. The first evidence that sympathin 
differs from adrenin appeared when we tested the effects of sympathetic 
stimulation and adrenin on blood pressure after injecting ergotoxine. In 
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Fig. 1. Cat, under dial anesthesia, and injected with ergotoxine (5 mgm. per kgm.). 
Records of carotid blood pressure. Time, half-minutes. 

A. Effects of injecting adrenalin (0.5 cc., 1:50,000), and stimulating the lower ab- 
dominal sympathetic chains (l.a.s.). 

B. After injection of cocaine (7 mgm. perkgm.). Effects of stimulating |.a.s. and 
of injecting adrenalin during the elevated pressure induced by lI.a.s. 

C. Effects of injecting adrenalin and of stimulating the hepatic nerves (h.ns.). 
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these experiments the animals (cats) were usually anesthetized with dial 
(0.85 ec. per kgm., by stomach) and the reacting organs were usually sensi- 
tized by an injection of cocaine (8 mgm. perkgm.). When in animals thus 
prepared the severed lower abdominal sympathetic chains (l.a.s.) are 
stimulated there is a characteristic prolonged rise of blood pressure, lasting 
4 or 5 minutes (see Rosenblueth and Schlossberg, 1931). Adrenalin likewise 
in a sufficiently large dose causes a rise of blood pressure, or an initial brief 
sharp rise, then a fall and a final long rise, with gradual return to the former 
level. In studying the action of ergotoxine we found that in order to pro- 
duce the effects described by Dale (1906) a larger amount is required in an 
animal under dial anesthesia than in a decerebrate animal—4 mgm. instead 
of 2mgm. perkgm. After ergotoxine an intravenous injection of adrenalin 
causes a sudden fall of blood pressure, followed by a gradual return (see 
fig. 1A); stimulation of the l.a.s. causes, during the first half-minute, a fall 
which is quickly replaced by a rise, lasting 8 to 9 minutes or longer (see 
fig. 1A). If during this rise the nerves are stimulated again or adrenalin 
is injected, a pure fall results (see fig. 1B). If the hepatic nerves (h.ns.) 
are stimulated on the duodeno-hepatic artery the usual effect, after ergo- 
toxine, is a simple elevation of blood pressure, in marked contrast to the 
drop produced by adrenin (see fig. 1C). The “‘usual effect”’ is mentioned, 
because exceptionally there was a short, slight, initial drop of pressure 
on stimulating the h.ns., such as shown in figure 1A and B on stimulating 
the l.a.s., but in these circumstances fhe branches to the duodenum were 
invariably intact. Whether the h.ns. or the l.a.s. strands were stimulated, 
increased blood pressure was always associated with a faster heart rate. 

If, in an animal with brain pithed (under ether), the cervical spinal cord 
was stimulated after injection of ergotoxine and curare, the blood pressure 
underwent a marked fall, such as occurs when commercial adrenalin is 
injected. This effect is due to medulliadrenal secretion, and proves the 
identical influence of adrenin and adrenalin. The same stimulation after 
excluding the adrenal glands yields the same sort of record as that of the 
l.a.s. in figure 1A. 

The identity of the effects of l.a.s. and h.ns. stimulation on blood pressure 
led us to assume that the cardio-accelerator and blood-pressure raising 
substance found in blood from the liver, as reported by Cannon and Uridil 
(1921), is the same as the sympathin given off when smooth muscle in any 
other area of the body is made to contract. Whether liver parenchyma 
as such contributes to the product is not yet determined. 

Because both sympathin and adrenin influence the heart rate, we decided 
to make sure whether the difference of their effects on blood pressure could 
be due to any differences in their cardiac effects. In an animal under dial 
anesthesia the heart was denervated, the adrenal glands were tied off, the 
liver nerves were placed on shielded electrodes, the abdomen closed and er- 
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gotoxine injected. Stimulation for one minute increased the heart rate from 
104 to 148 beats per minute and raised the blood pressure 20mm. Hg. A 
few minutes later, 0.4 cc. adrenalin, 1: 100,000, uniformly injected during 


Fig. 2. Cat, under dial anesthesia, sensitized with cocaine. Top record, spleen 
volume; lowest, leg volume; middle, arterial pressure. Arrows indicate direction of 
contraction of spleen and leg. Time, half-minutes. 

A. Effects of stimulating h.ns. 

B. Effects of injecting adrenalin (0.5 cc., 1:100,000). 

C. After injection of ergotoxine (4mgm. perkgm.). Effects of stimulating h.ns. 

D. Effects of injecting adrenalin (same dose as in B). 


15 seconds, increased the heart rate from 104 to 146 beats per minute, and 
lowered the blood pressure 34 mm. Hg. It was clear that the difference 
between the actions of the two agents should be sought in peripheral 
organs. 
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It seemed possible that by using organs which can contract or relax in 
response to sympathic impulses insight might be obtained into the differ- 
ence between adrenin and sympathin. Accordingly we selected the spleen 
and the leg (Dale, 1906), registering the spleen changes from an oncometer 
by means of a tambour (having a very thin rubber membrane) and the leg 
from a plethysmograph by means of a similar tambour or a float attached 
to the short arm of a nearly balanced writing lever (see Hoskins, Gunning 
and Berry, 1916). Dial anesthesia was employed. 

Effects of sympathin and adrenin on spleen and leg volume. In figure 2A 
are shown records of spleen and leg volume and blood pressure when the 
h.ns. were stimulated. It is noteworthy that both the spleen and the leg 
were contracted by the circulating sympathin, and not passively dilated 
by the increased blood pressure, as Griffith, York and Zachmys (1928) 
reported,—i.e., except at the start they were contracted in spite of the 
higher pressure. An injection of adrenalin (0.5 ce., 1: 100,000) had similar 
but larger effects (fig. 2B). Now ergotoxine was given, and artificial res- 
piration was much increased, as suggested by Dale, so that the lungs were 
definitely hyperventilated. As illustrated in figure 2C, stimulation of the 
h.ns. caused, as before, a marked rise of arterial pressure; the spleen under- 
went no noteworthy change of size, but in accord with the curve of higher 
pressure the leg was slightly enlarged. When the dose of adrenalin was 
repeated (fig. 2D), the arterial pressure sharply fell, asin figure 1. There 
was a slight initial relaxation of the spleen (which was more marked in other 
experiments), followed by a slight contraction as the pressure was rising. 
The initial relaxation Dale (1906) had previously recorded. The leg vol- 
ume did not alter decisively during the blood-pressure drop, but it expanded 
to a considerable degree in the course of the rise. 

When in the experiment just cited ergotoxine was given, the spleen and 
leg first strongly contracted, simultaneously with the entrance of the blood 
pressure on the long period of elevation which the drug induces. The 
spleen promptly relaxed, however, as the pressure continued to rise, whereas 
the leg remained in the contracted state. The effect of adrenin after ergo- 
toxine can be readily explained by Dale’s evidence that ergotoxine produces, 
as the doses are increased, an increased paralysis of the contractile action 
of adrenin, leaving its inhibitory action unimpaired. The fall of blood 
pressure was due, therefore, to lessened peripheral resistance because of 
vasodilation. The slight contraction of the spleen is explicable as a re- 
sult of an insufficient dose of ergotoxine, for in other experiments as well 
we found that an amount of ergotoxine which conditioned a pure fall of 
blood pressure, after an injection of adrenin, left the spleen still capable of 
contracting. In the leg, of course, the blood vessels were the affected parts. 
The large expansion of the leg after adrenalin can reasonably be attributed 
to relaxation of the vessels innervated by sympathetic vasodilators (see 
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l.a.s. stimulation, fig. 1A and B). That this expansion occurred only when 
the blood pressure began to rise implies that the relaxation was more con- 
siderable and more prolonged in the limbs than elsewhere, e.g., than in the 
splanchnic area (see spleen record, fig. 2D). This early constriction in 
some regions (probably due to incomplete paralysis by ergotoxine), com- 
bined with a faster heart and a ready supply of venous blood in the big 
veins (because of hyperventilation) accounts for the prompt recovery of 
blood pressure. The foregoing explanation is in accord with the fact that 
as the doses of ergotoxine are increased, a series of intermediate responses 
is obtained which progressively unmask a dilator effect as the constrictor 
action of adrenin becomes progressively less efficient. 

Sympathin from the liver region, unlike adrenin, caused a rise of general 
arterial pressure. This rise resulted from acceleration of the heart and 
from vasoconstriction. We found that a plot of the heart rate runs closely 
parallel with the curve of heightened blood pressure. Associated with 
the larger volume output from the heart, however, there is vasoconstriction; 
the spleen, for example, would have been passively distended (see begin- 
ning of the spleen record, fig. 2A), if it had not contracted in response to 
sympathin. In the leg the passive dilation was not considerable,—in 
some records it did not occur. Some constriction, therefore, must have 
occurred in the vessels of the leg, but certainly there was no active vaso- 
dilatation in that region. 

The difference between the actions of adrenin and of sympathin from 
the liver region, as manifest in the blood pressure, appeared then to lie in 
a difference in their ability to affect sympathetic vasodilator systems. 
Further evidence in favor of this suggestion is presented in figure 3. In an 
animal under dial anesthesia and sensitized by cocaine, a minimal dose of 
adrenalin (0.1 cc., 1:200,000) was injected intravenously; it caused a con- 
traction of the denervated nictitating membrane and a dilation of the 
denervated leg (fig. 3A). In figure 3B are the records obtained when the 
h.ns. were stimulated ; the leg, instead of dilating, was markedly contracted, 
i.e., an amount of sympathin having less effect than the adrenalin on the 
membrane had quite the opposite effect on the leg volume. 

In the experiments hitherto described sympathin was obtained by stimu- 
lating structures (the smooth muscles of the liver and the tail) which in the 
main were contracted by sympathetic impulses. It seemed possible that 
if sympathin could be derived from structures inhibited by such impulses it 
might have a different effect. The volume changes of peripheral organs 
which may either contract or relax, confused as they are by the ups-and- 
downs of blood pressure, make the results too complicated to be easily and 
clearly judged. We turned away from these methods, therefore, and de- 
termined to use as indicators smooth-muscle organs which are exclusively 
contracted or relaxed by adrenin (and therefore do not require ergotoxine 
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to separate the responses), which are not much if at all affected by blood- 


pressure changes, and which can be readily recorded. The nictitating 
membrane (n.m.) has already proved to have an admirable sheet of smooth 
muscle which, when denervated, registers quite conveniently its contraction 
under the influence of adrenin or sympathin. As a structure the body of 
which relaxes under adrenin, we tried the urinary bladder, but found it, 
when supporting a column of fluid, a disorderly and relatively insensitive 
organ. Finally we tested the non-pregnant uterus, which, in the cat, 
relaxes when adrenin is injected into the blood stream (Dale, 1906; Cushny, 
1906), and found it a satisfactory and delicate means of registering inhi- 
bition. 


Fig. 3. Cat, dial anesthesia, sensitized with cocaine. Upper record, nictitating 
membrane (n.m.) with cervical sympathetic cut; lower record, volume of denervated 
left hind leg. Arrows indicate direction of contraction. Time, half-minutes. 

A. Effects of injecting adrenalin (0.1 ec., 1:200,000). 

B. Effects of stimulating h.ns. 15 seconds. 


Contrasting effects of sympathin from different sources on the non-pregnant 
uterus and on the nictitating membrane. Inexperiments on the non-pregnant 
uterus we learned that certain precautions are necessary. Although dial 
anesthesia does not wholly prevent responses, it may diminish them; con- 
sequently the preliminary preparations (e.g., inserting a tracheal cannula, 
cutting the right cervical sympathetic strand, baring the duodeno-hepatic 
nerves and the right splanchnics, tying off the adrenal glands, exposing the 
uterus and releasing the nictitating membrane) were made under ether 
anesthesia and then, after the carotid artery on the left side had been tied 
and the right carotid temporarily clamped, the dorsal part of the brain was 
destroyed by means of a stylet passed through the foramen magnum (see 
Elliott, 1912). Although artificial respiration was not always required it 
was, as a rule, now started. During the pithing the vertebral arteries 
below the wings of the atlas were pressed upon and held for several minutes, 
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to permit clots to form over the damaged cerebral vessels. As soon as the 
vertebrals were released the clamp was removed from the right carotid in 
order to renew the supply of blood to the n.m. that was to be used. From 
this time onward anesthesia ceased, and if there were movements which 
disturbed the records a small dose of curare was given. As to the uterus, 
the entirely quiescent non-pregnant organ is most responsive; if it is sub- 
involuted or highly active, it is not so sensitive. Asphyxia has a lasting 
depressive influence and therefore must be avoided; similarly a low blood 
pressure is deleterious; favorable conditions are a pressure above 90 mm. 
Hg and a slight hyperventilation of the lungs. 

The uterus was approached through a mid-line incision. If the urinary 
bladder was obstructive, it was emptied. The right uterine horn was tied 
in two places near the ovary, cut between, and then freed from its mem- 
branous attachment by a slit which avoided the attendant blood vessels 
but severed the nerves. A needle, thrust through the base of the horn and 
held in a clamp, provided a fixed point. The thread used to tie the horn 
served to attach it (via pulleys) to a writing lever. The long slender uter- 
ine muscle was thus pulled directly upward into a vertical position; in order 
to keep it moist it was surrounded by a small, waxed, cardboard cylinder, 
closed below and nearly closed above by wet absorbent cotton. 

As noted, the right n.m. was deprived of its sympathetic supply by sever- 
ance of the cervical sympathetic strand. In order to give the membrane 
free play the eyelids were cut midway and some neutral oil was dropped on 
the eyeball. A serrefine clipped to the free edge of the membrane attached 
the connecting thread; the cat’s head was held rigidly in such position 
that the smooth muscle pulled directly downward the short end of the 
writing lever. 

Cocaine was invariably used to sensitize the reacting organs. At times 
it caused contracture of the uterus, but then a small injection of adrenin 
produced partial relaxation and increased the responsiveness. 

The two main sources of sympathin in this series of experiments were the 
liver and the splanchnic area. Experience with many animals has left the 
impression that the results are much more marked, whichever the source, 
if the animal has recently been fed and preferably is well advanced in the 
digestion of a meal of protein food. 

In figure 4 are shown the records of the n.m. (upper) and the uterus 
(lower) in their responses to stimulation of the h.ns. (A) and the right 
splanchnic nerves (B). Note that when the liver region was the source of 
sympathin, though the n.m. contracted, the uterus did not relax (ef. fig. 3A 
and B, also); and when the gastro-intestinal tract, mainly, was the source, 
both organs responded characteristically. Occasionally this difference 
was not so clear, but in all such cases the duodenal fibers of the duodeno- 
hepatic nerves were intact. Figure 4D illustrates a relaxation of the 
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uterus caused by stimulation of these fibers, and caused also (fig. 4C) by 
exciting the splanchnic nerves and by injecting adrenin. Now the fibers 
to the duodenum, which are distributed to the smooth muscle of the gut 
wall, were severed. Repetition of the stimulations resulted in the usual 


Fig. 4. Upper record, n.m. with cervical sympathetic cut; lower record, denervated 
non-pregnant uterus. Arrows indicate contraction. Time, half-minutes. 

A and B, cat under dial and cocaine; other records (another preparation), cat with 
brain pithed under ether, and injected with cocaine and curare 

A. Effects of stimulating h.ns 

B. Effects of stimulating right splanchnic nerves (adrenals tied off) 

C. Effects of stimulating splanchnic nerves (adrenals tied off), and injecting ad- 
renalin (0.3 ec., 1:200,000). 

D. Effects of stimulating duodeno-hepatic nerves 

E. After severance of duodenal nerves. Effects of stimulating h.ns 


difference—contraction of the membrane without relaxation of the uterus 
when the h.ns. were stimulated (fig. 4E), and the typical reaction of both 
organs when the current was applied to the splanchnics. 

The striking results illustrated in figure 4 challenge interpretation. 
In order to make clear our points, we shall number them: 1. Either 
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adrenin or synthetic adrenalin acts as an excitatory agent for some smooth 
muscles and an inhibitory agent for others. 2. The differential action 
of adrenin, then, does not reside in the hormone; nor does the differential 
action of sympathetic nerve impulses reside in different types of impulses. 
3. There is no reason for assuming different types of smooth muscle—e.g., 
muscle for inhibition in the wall of the gastro-intestinal tract and muscle 
for contraction in the neighboring arterioles; indeed, smooth muscle may 
be inhibited by one set of nerves and contracted by another set. 4. Since 
the differential factor is not found in adrenin nor in different kinds of 
muscle fibers, we are driven to conclude that a peculiar agent exists 
inside some muscle cells which modifies adrenin so that they are made to 
shorten and another agent in other cells, modifying adrenin, causes them 
to lengthen. 5. The fact that sympathetic nerve impulses have the same 
action as adrenin has led to the supposition that the impulses liberate 
a substance which is like adrenin if not identical with it; but any 
such substance must necessarily be altered, as adrenin itself must be 
altered, in order to produce opposite effects in different cell groups. 
6. An analysis of the action of adrenin and of nerve impulses on smooth 
muscle led Rosenblueth (1932a, b) to the hypothesis (consistent with 
his experimental results) that a substance A from the outside (adrenin, 
e.g.) or M (a local product dependent on the number of nerve impulses 
in the stimulus) unites in the cell with another substance H, thus making 
a combination AH or MH which evokes a response proportional to the 
amount formed. As records of the intestine and the non-pregnant uterus 
prove, the conception is quite as applicable to inhibition as it is to 
excitation; consequently H must be regarded as either I (inhibitory) 
or E (excitatory), and the combination, after nerve stimulation, for 
example, would be ME in a contracting muscle and MI in a relaxing mus- 
cle. 7. Sympathin is defined as the chemical mediator of sympathetic 
nerve impulses, ME or MI, which in the cell induces the typical response, 
contraction or relaxation, and which, escaping from the cell into the blood 
stream, induces effects elsewhere in organs innervated by the sympathetic. 
These effects, as shown in figure 4, are only excitatory when the sympathin 
comes from structures which are only excited to action by the nerve im- 
pulses (hepatic nerves, see p. 564); they are both excitatory and inhibitory 
when the sympathin comes both from the contracted blood vessels and the 
inhibited muscular walls of the intestine; and when both effects are present, 
as sometimes in the stimulation of duodeno-hepatic nerves, severance of 
the duodenal branches, which excludes the source of the inhibitory sympa- 
thin, results in a change from the double effect to that caused by the 
excitatory sympathin alone (see fig. 4D and E). 8. From the foregoing 
facts and illustrations we feel justified in concluding that there are two 
kinds of sympathin, sympathin I. (excitatory) and sympathin I (inhibi- 
tory). 
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There are experiments which do not fit into this interpretation. Brink- 
man and Van Dam (1922) and also Lanz (1928) have published records 
indicating that the substance coming away from the heart on stimulating 
the cardiac accelerators causes stoppage of rhythmic gastric or intestinal 
contractions, a positive agent having an inhibitory effect. These experi- 
ments were performed, however, by perfusing salt solution through the 
organs, and that may have altered the sympathin—perhaps by removing 
the differential feature, E, and leaving an undifferentiated agent resembling 
adrenin. In the cats heart sympathetic impulses not only have a positive 
action in accelerating the beat, but a negative action in relaxing the coro- 


Fig. 5. Upper record, right n.m. with cervical sympathetic cut; lower record, 
denervated non-pregnant uterus. Arrows indicate contraction. Time, half-min- 
utes. Cat under dial and cocaine. 

A. Effects of stimulating right cardio-accelerator fibers (C-a) 20 seconds, coil dis- 
tance 8.0 cm. 

B. Same as A, but stimulation for 10 seconds, with coil distance 9.0 em 


C. Effects of injecting adrenalin (0.05 cc., 1: 100,000) 


nary arteries. The former of these two sources of sympathin is probably 
much more extensive than the latter, i.e., sympathin E from the heart 
muscle might be expected to be much more abundant than sympathin I 
from the coronaries. When the cardio-accelerator strands from the right 
stellate are stimulated, in a cat under dial and cocaine, the n.m. contracts 
in a striking fashion, and the uterus relaxes (see fig. 5A). These results 
can be repeatedly obtained. If the stimulus is reduced, the n.m. still 
responds, but the uterus does not (fig. 5B). Now an injection of adrenin, 
which causes a fair replica of the smaller record of the n.m., induces a sharp 
relaxation of the uterus (fig. 5C). These results can be readily explained 
on the reasonable assumption that the selected weak stimulus was capable 
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of liberating enough sympathin E from the heart but not enough sympathin 
I from the coronary arteries, to be effective. That the uterus was suffi- 
ciently sensitive to respond is shown by the effects of adrenin. The con- 
clusions indicated are that sympathin E and I are different from each 
other and also different from adrenin. 

These conclusions have interesting bearings on the views expressed by 
Langley (1921) regarding the action of sympathomimetic and parasympa- 
thomimetic drugs. He assumed a chemical combination between adrenin, 
for example, and receptive substances in the responding cells. These sub- 
stances were supposed to belong to two classes—those which cause con- 
traction and those which cause relaxation. Langley’s receptive sub- 
stances would correspond to the substances E and I here postulated. He 
did not develop his views in relation to the transmission of nerve impulses. 
In accordance with the evidence reviewed above a further step may be 
taken. The similarity of the action of sympathin E and I (resulting from 
nerve stimulation) to the action of adrenin, and the similarity of the chemi- 
cal reaction of sympathin to the reaction of adrenin (Bacq, 1931) indicate 
that a substance similar to adrenin is produced when sympathetic impulses 
affect smooth muscle. This is in harmony with the idea expressed by 
Elliott (1904). It differs from that idea in adding the evidence which now 
exists that this adrenin-like substance becomes differentiated for positive 
and negative action. As argued by Rosenblueth, the substance M must 
unite with H in the cell in order to become effective, and the experiments 
here reported separate H into E and I. 

The question may be asked, why ME, which induces contraction in the 
cell where it originates, does not induce contraction when it enters a cell 
inhibited by sympathetic nerve impulses? And similarly, why MI, enter- 
ing a contractile cell, does not cause inhibition? One can only speculate 
on answers to these questions. Possibly the I in the naturally inhibited 
cell offsets or neutralizes the action of intrusive ME, and likewise the E in 
the naturally excited cell might be imagined to oppose the action of intru- 
sive MI. Thus foreign MI, but not foreign ME, could influence inhibited 
cells, and foreign ME alone excited cells. Or conditions may be such that 
ME and MI cannot penetrate the cells which they do not affect. Unfor- 
tunately we are not able to offer evidence on this point. 

Discussion. The foregoing observations and inferences are related in 
an important way to a variety of questions concerned with the physiology 
of smooth muscle, the action of ergotoxine, the nature of inhibition, and 
others. We shall comment briefly on these questions. 

The action of ergotoxine. The responses to stimulation of the h.ns. and to 
adrenin, after ergotoxine, have been discussed above (see p. 562). There 
remain to be considered the effects produced by stimulating l.a.s. As 
already stated, these effects are the same as those produced by stimulation 
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of the cervical spinal cord (with adrenals absent). Since that stimulation 
involves all the sympathetic vasoconstrictor and vasodilator systems of the 
body, just as adrenin does, we should expect the result on blood pressure 
to be the same as that caused by adrenin. In fact, however, stimulation 
of the cord causes, after a brief initial fall (due to unimpaired vasodilators), 
a prolonged rise of pressure, whereas adrenin causes a fall followed merely 
by a return to the previous level (fig. 1A). If M (the substance locally 
produced) is identical with A (adrenin) the failure of adrenin to make the 
blood pressure rise after ergotoxine cannot be due to blockage of action of 
AE, since ME (i.e., sympathin E) is effective. Also it cannot be explained 
as a necessary consequence of extreme contraction of the vascular smooth 
muscle established by ergotoxine, since sympathin E causes a rise. Fur- 
ther, it is not reasonable to assume a change in the nature of FE, since M 
unites with E and A should be able to do likewise. The possibility is sug- 
gested that ergotoxine alters the nature of adrenin, perhaps as it enters the 
cell, in such manner that it no longer combines effectively with E. Clearly 
this action of ergotoxine could not be uniform, for, as already mentioned, 
the drug has different degrees of effect in different organs (cf. spleen volume 
and blood pressure, fig. 2B). An alternative possibility is that M is not 
identical with adrenin. Evidence on these suggestions is lacking. 

Inhibitory action of sympathin I. In their first account of sympathin 
Cannon and Bacgq (1931) reported an inability to produce inhibition of the 
stomach and intestines. Although the stomach and intestines had been 
denervated for a week, ‘“‘a magnificent erection of the tail hairs,’’ with, no 
doubt, contraction of the caudal vessels, caused no lessening whatever of 
the motions of the gastro-intestinal tract. Here was an activity which 
required for its inhibition sympathin I, and they were attempting to influ- 
ence it with sympathin E! Recently Bacq (1933) has reported that stimu- 
lation of the peripheral ends of the severed sciatic nerves results, after 
about two minutes, in a cessation of the movements of the denervated 
intestine. Inthe muscle vessels of the legs, caused to relax by sympathetic 
stimulation (ef. Hoskins, Gunning and Berry, 1916; ef. fig. 1) sympathin I 
would be produced, which would explain the inhibition of the intestinal 
rhythmic contractions. The inhibition of the contractions of an isolated 
intestinal loop by means of salt solution passing over another loop inhib- 
ited through its nerves, as described by Finkelman (1930), can be similarly 
explained. 

Sympathetic vasodilators. Burn (1932) has stated that the ‘Cannon 
school’”’ has rejected the evidence for existence of sympathetic vasodilator 
fibers. Hoskins and his collaborators (1916) showed that with nerves intact 
adrenin causes active dilatation in limb muscles; Hartman and a collabora- 
tor (1917) confirmed this testimony; and it was further corroborated by 

yruber (1918). All three investigators just named were former associates of 
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this laboratory. ‘The results which they reported were publicly accepted by 
Cannon (1929) four years ago. Further proof of sympathetic vasodilators 
was obtained during the present investigation in the fall of arterial pres- 
sure when adrenin was injected after ergotoxine (fig. 1A, confirmatory of 
Dale, 1906), in observations that increasing doses of adrenin under these 
conditions produced falls which fitted a hyperbolic curve (ef. Rosenblueth, 
1932a), in the drop of blood pressure at the start of stimulating l.a.s. after 
ergotoxine (fig. 1A and B), in the expansion of the leg while the blood pres- 
sure was still low from adrenin after ergotoxine (fig. 2D), and in the ex- 
pansion of the leg after a minimal dose of adrenin, such as would cause a 
fall of arterial pressure (fig. 3A). The evidence for existence of sympathe- 
tic vasodilators has seemed to us for years to be thoroughly convincing. 

The distribution of sympathetic vasodilators is, however, obscure. The 
evidence of Hoskins, Gunning and Berry (1916) points toward their exist- 
ence in skeletal muscle. Our observations confirm this view (see in fig. 1A 
and B the decided fall of blood pressure on stimulating the l.a.s.). Dale 
(1913) generalized their presence to the splanchnic area. Probably some 
vasodilator fibers are present, since stimulation of the splanchnics after 
ergotoxine and exclusion of the adrenals may evoke a fall of blood pressure. 
This drop is, however, minimal (see e.g., Dale’s records; our results were 
similar) as compared with the relatively large drop obtained from stimulat- 
ing the l.a.s. and a still greater drop from stimulating the cervical spinal 
cord. If, then, sympathetic vasodilators distribute mainly to skeletal 
muscle, as seems probable, one of the results of general excitation of the 
sympathico-adrenal system, such as occurs, for example, in emotion, will 
be a redistribution of blood with an increased flow in muscles, a condition 
eminently favorable to action. 

Burn’s (1932) explanation of the fall of arterial pressure at each step 
in a progressive removal of the sympathetic ganglionic chains (B. Cannon, 
1931), as due to operative stimulation of vasodilators, seems to us to have 
little warrant. First, why selective stimulation of vasodilators rather than 
vasoconstrictors? Again, the fall of pressure, attributed by B. Cannon to 
interruption of tonic vasoconstrictor impulses, was not recovered from for 
at least 24 hours. Burn’s view would require stimulation of the vasodila- 
tors during thistime. Langley (1900) testified that ‘‘on section of all or the 
great majority of sympathetic nerves to tissues paralytic effects may be 
observed in a few seconds.’’ Our experience is in accord with Langley’s. 
In accord with it, also, are the observations of Forbes and Cattell (1924) 
and of Adrian (1930) that after severance of a motor nerve galvanometer 
records fail to show any impulses passing in the isolated fibers after a period 
measured in seconds. The vasodilation from section of a limb nerve 
can be explained as a result of abolition of vasoconstrictor tone, and the 
slowly regained vasoconstriction as a result of restoration of intrinsic tone 
in the contractile muscles of the vessel walls. 
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The relation of sympathin I to theories of inhibition. From the evidence 
presented in figure 4 it is clear that only a structure contracted and in- 
hibited by sympathetic impulses becomes the source of both contractile 
and inhibitory humoral agents. Unfortunately we have not been able to 
devise, in the living animal, an experiment in which pure inhibition of 
smooth muscle is caused by sympathetic impulses—blood vessels are always 
present and are contracted by the impulses, so that not only sympathin I 
is discharged but also sympathin KE. The simple, positive evidence of the 
existence of sympathin I, apart from E, we have not obtained. The result 
illustrated in figure 4E, however, proves that when the inhibited elements 
are excluded from stimulation the inhibitory humoral action disappears, 
leaving only the excitatory. And Finkelman’s experiment, previously 
mentioned, supplies direct corroborative testimony to the separate exist- 
ence of an inhibitory substance given off from smooth muscle when the 
muscle is inhibited by sympathetic impulses. 

That a substance is produced by nerve impulses which causes inhibition 
both directly and indirectly may have an important bearing on theories of 
inhibition. Especially would this be true if, as Howell (1925) has suggested, 
“inhibition is fundamentally the same process in all tissues,’’ because other 
theories (drainage, interference, anabolism, etc.) would thereby be sup- 
planted. Thechiefsupport forthe humoral or chemical theory of inhibition, 
cited by Howell, was that offered by Loewi’s (1921) ‘‘vagal substance,”’ 
evoked when the heart is inhibited by vagal impulses and capable of inhib- 
iting a second heart when applied to it. It is an attractive and logically 
reasonable idea that parasympathetic as well as sympathetic fibers should 
liberate one kind of substance when they cause excitation and another kind 
when they cause inhibition, and that the substance causing inhibition (e.g., 
the ‘“‘vagus stuff’ of the heart) should cause inhibition elsewhere, but not 
excitation (i.e., not contraction of the stomach). Brinkman and van Dam 
(1922), however, have reported that the inhibitory ‘‘vagal stuff” from the 
heart of one frog induces contraction of the stomach of another. Although, 
as Howell remarks, their records are not convincing, their results are in 
agreement with results of other investigators. Thus, Engelhart (1931) 
found that after the ciliary body and the iris had been contracted by oculo- 
motor impulses, the aqueous humor had a new, markedly inhibitory action 
on the tortoise heart. And Bain (1932) has reported that fluid perfused 
through vessels of the tongue, while they were being relaxed by stimulation 
of the lingual nerve, acquired properties which made it excitatory to rabbit 
intestine. These results do not fit into a general concept of excitatory and 
inhibitory substances. It is possible, of course, that the highly unstable 
‘vagal stuff’ loses differential features first of all, before further break- 
down. Public speculation at this stage, however, is futile. 

Some further implications. The evidence for the existence of two sub- 
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stances, sympathin E and I, resembling adrenin in action, but differing from 
it in discriminative relations to excitatory and inhibitory effects, suggests 
the possibility of so modifying adrenin by chemical means that it too might 
be used in a discriminative manner. Thus adrenin E, if made, could be 
used to stimulate the heart, contract blood vessels, etc., without inhibiting 
the digestive process. And adrenin I could be employed to relax spasm 
of the bronchioles or alimentary canal, for example, without raising arte- 
rial pressure or increasing blood sugar. Such possibilities render impor- 
tant the attempt to obtain modified forms of adrenin. 

The highly puzzling change in the response of the cat’s uterus—from 
inhibition of the non-pregnant to contraction of the pregnant organ, when 
subjected to sympathetic impulses or adrenin—has not received appro- 
priate attention. Alterations of nerve impulses and muscle fibers are quite 
improbable, and it is unnecessary to assume that they occur. The shift 
could be accounted for if the physiological readjustments which accompany 
pregnancy should include a change from the substance I to the substance 
E in the smooth-muscle cells. Since the shift seems to be restricted to 
uterine smooth muscle, it possibly has a local origin,—perhaps the agency 
which brings about the enlargement of the uterus and the lengthing of its 
muscle fibers and the thickening of the uterine wall. 


SUMMARY 


Sympathin differs from adrenin, because after ergotoxine sympathin 
evoked by stimulation of hepatic nerves (h.ns.) causes a primary rise of 
arterial pressure followed by a fall to the former level (fig. 1C), whereas 
adrenin has quite the contrary effect (fig. 1A). 

Because stimulation of the h. ns. resembles stimulation of the lower ab- 
dominal sympathetic strands (l.a.s.) in causing a rise of arterial pressure 
after ergotoxine (fig. 1A and B), the pressor agents (i.e., sympathin) from 
the two regions, are assumed to be identical. 

The difference between the actions of adrenin and of sympathin on 
arterial pressure is not due to different influences on the heart rate (see 
p. 560); it is therefore attributable to effects on peripheral structures. 

Both sympathin (from the liver region) and adrenin cause contraction 
of leg and spleen volumes (fig. 2A and B). After ergotoxine the elevation 
of arterial pressure due to sympathin is accompanied by only slight ex- 
pansion of the leg (fig. 2C) ; the fall of pressure due to adrenin is accompanied 
by a marked expansion of the leg (fig. 2D)—apparently a difference of 
effects on vasodilator systems. 

Confirmation: a minimal dose of adrenin causes contraction of the dener- 
vated nictitating membrane (n.m.) and an increase of leg volume (fig. 3A); 
sympathin from the liver region having even less effect on the n.m. causes 
marked decrease of leg volume (fig. 3B). 
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With the denervated n.m. and the denervated non-pregnant uterus as 
indicators respectively of excitatory and inhibitory sympathomimetic 
humoral agents (e.g., adrenin), the h.ns. and the splanchnics were stimu- 
lated. Splanchnic stimulation (adrenals excluded) causes contraction of 
the n.m. and relaxation of the uterus; stimulation of the h.ns. causes 
contraction of the n.m., but not relaxation of the uterus (fig. 4A and B). 
If duodenal fibers are included with the h.ns., relaxation occurs (fig. 4D); 
but when these fibers are severed, only contraction occurs (fig. 4E). 

Stimulation of the cardio-accelerator nerves causes strong contraction of 
the n.m. and some relaxation of the non-pregnant uterus (fig. 5A); with a 
reduced stimulus the n.m. contracts, but the uterus does not relax—not 
because insensitive, for adrenin evoking an equal contraction of the n.m. 
evokes a marked uterine relaxation (fig. 5B and C). 

The foregoing results are explicable on the assumption that two kinds 
of sympathin are produced,—sympathin E, excitatory, produced by struc- 
tures stimulated, and sympathin I, inhibitory, produced by structures in- 
hibited by sympathetic impulses. Thus the liver region, stimulated, gives 
rise tosympathin E; and the gastro-intestinal tract, with vessels stimulated 
and walls inhibited, produces both E and I (see p. 566). Thus the heart 
muscle discharges E, while the coronary arteries discharge a less amount of 
I; when the sympathetic stimulation is decreased, therefore, KE remains 
effective and I does not. 


In the discussion the results here reported are considered in their relation 
to the action of ergotoxine, to the existence of sympathetic vasodilators, 
to theories of inhibition, and to certain pharmacological and other im- 
plications. 
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Contrary to the older (but not oldest, Pfliiger, 1891) view, the response 
of a nerve on stimulation is not uninfluenced by its preceding activity, even 
when times far beyond the refractory period are in question. Following a 
period of repeated conduction (tetanization), the activity of nerve is mark- 
edly depressed. This is manifested by a decreased heat production (Ge- 
rard, 1927a) and oxygen consumption (Gerard, 1927b) per impulse; by an 
increased after or delayed potential (Gerard, 1930; Amberson, Parpart and 
Sanders, 1931; Gasser and Erlanger, 1930) and decreased spike or initial 
potential (Gerard and Forbes, 1928; Forbes and Rice, 1929; Heinbecker 
and Bishop, 1931); by a prolonged refractory period (Field and Briicke, 
1926); and by a diminished irritability (Boyd and Gerard, 1930). Since 
these changes are progressive only for a short time with continued activity 
and soon reach some equilibrium value between further change and recov- 
ery, it has seemed wise to designate the altered state as one of equilibration 
rather than fatigue (Gerard, 1927b). The amount of displacement from 
the resting level of the equilibrium value attained as a result of activity 
varies with the amount of activity and is increased as the responses are 
elicited at greater frequency, with fewer interposed rest periods, or for a 
longer period of time. 

The present experiments were undertaken to determine whether the ve- 
locity of conduction of the nerve impulse is similarly depressed as a conse- 
quence of intense activity. We have found only one investigation directed 
to this point. Haberlandt (1910, 1911) reported a decrease in conduction 
rate of one-third after stimulating a nerve with 200 to 300 single shocks 
spaced at intervals of one and one-half seconds. He depended on an in- 
creased difference in ‘‘latent”’ period of the gastrocnemius twitch for stim- 
uli applied alternately at central and peripheral portions of the nerve. His 
results were not consistently positive and, as he fully realized, were at best 
indicative, since he was working at the extreme limit of his method. It 
seems hardly possible that nerve activity could be measurably affected in 
4 to 5 minutes when stimulated only 40 times a minute. 


1 Aided by grants from the American Association for the Advancement of Science 
and from the National Research Council. 
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Our results, with an accurate technique, have confirmed the theoretica] 
expectation and clearly demonstrated a slowing of conduction rate associ- 
ated with equilibration. This may be decreased by over one-third at the 
end of a ten-minute tetanization period. Except for the tremendous differ- 
ence in stimulus frequency, these findings agree with Haberlandt’s. 

MetuHops. Isolated dog phrenics or bull-frog or green frog sciatics 
were mounted on silver electrodes in a moist chamber at room temperature 
(20°-23°C.). The proximal end lay upon two electrodes about 5 mm. 
apart used for tetanization and, in some cases, for applying the test stimuli. 
Tetanizing stimuli were obtained from a Campbell oscillator (1929), in some 
cases from a Harvard induction coil, and were used at slightly supramaxi- 
mal strength at frequencies of 100 to 400 per second, usually about 300. 
Two to three centimeters distal another pair of electrodes was used, in some 
experiments, to apply the test stimuli. These were single break shocks re- 
peated at rates from below 10 to 50 per second in various runs. Their 
strength was either set at a slightly supramaximal value at the start and 
kept constant through the run or adjusted to a minimal value for each 
separate test. The peripheral portion of the nerve was in contact with a 
final electrode pair, 6 to 12 em. beyond the test electrodes, for leading off 
action potentials. 

Action potentials, after passing through a two- or three-stage resistance 
coupled amplifier were recorded with a cathode ray oscillograph (Western 
Electric no. 224B). A nearly linear time axis was obtained by a condenser 
discharge through a diode tube and the time was accurately measured by 
superimposing upon or rapidly substituting for the nerve action potentiala 
standing wave obtained from an oscillator calibrated at 4000 cycles per 
second. The stimulus to the nerve, oscillograph time axis control and 
timing wave were synchronized with a rotating commutator. Further 
details of the electrical set-up are supplied in an appendix. 

The experimental procedure was very simple. Conduction velocity was 
first obtained for a “resting”’ nerve by using the test stimuli and measuring 
the time between the stimulus artifact and the start of the action potential 
rise for a known distance of propagation. This ‘‘time’’ waseasily measured 
with dividers on the face of the tube by placing the points respectively at 
the start of the artifact and of the response and then introducing the timing 
wave, when the interval could be read to 3) of a sigma. Tetanization was 
begun after a few “initial” readings were made and was continued for 10 to 
15 minutes, occasionally with brief interruptions for test stimuli. Conduc- 
tion velocity was then again determined at intervals, only a few seconds’ 
stimulation being required for each test, so that the nerve was practically 
at rest after tetanization stopped. 

In later experiments a highly labile thyratron stimulator (Marshall, 
1933) was used to tetanize the nerve and, by synchronizing with the time 
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axis, the changes during equilibration as well as recovery were followed. 
A high-voltage, bright spot cathode tube (General Electric F. P. 53, 5000 
volt) also replaced the original set up and the standing wave was photo- 
graphed with a short focus camera using a portrait lens. The time axis 
spreader was also improved by the use of athyratron and diode. (Ap- 
pendix.) 

Resvutts. In all experiments conduction velocity was definitely de- 
creased following a period of intense activity. The earliest readings, 
obtained some 7 to 15 seconds after ceasing tetanization, showed velocities 
as low as 60 per cent normal. Since recovery is very rapid during the first 
minute, the velocity just at the end of the active period was probably con- 


6 Mates 0 


Fig. 1. Ordinate: velocity of propagation in per cent resting value. Abscissa: 
minutes after close of a tetanization period. Heavy lines: average curves of recov- 
ery for bull frog sciatic and dog phrenic nerves. Thin lines: two individual experi- 
ments, representing extreme cases. o—o—o: Experiment May 30, 1931; dog phrenic, 
21°C. ; 100 per cent velocity = 28.2 M/s. x—x—x: Experiment June 8, 1931; phrenic, 
21°C.; 100 per cent velocity = 23.0 M/s. 


siderably less. In most cases, with increasing time of rest, velocity in- 
creased along a roughly exponential curve, approaching the initial value in 
10 minutes. A few nerves gave an almost linear increase of velocity with 
time of rest. These especially, but some others as well, passed from a state 
of slowed conduction to a “‘supernormal”’ period of increased propagation 
rate before finally reaching normal values; and some after returning only to 
normal again fell to somewhat decreased values. In all these more special 
cases, conduction rate returned eventually to the initial values before tet- 
anization. Two extreme results and general averages are shown in figure 1. 

In a few experiments in which the changes during the tetanization were 
followed, these were found to mirror those during recovery, the rate de- 
creasing quickly at first, then slowly, to an equilibrium level. 
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A number of possible sources of error must be considered. The observed 
delay between stimulus and response might represent a local effect about 
the tetanized region rather than a general slowing of conduction along the 
whole axone. This possibility was simply excluded by applying the test 
stimuli to the nerve trunk distal to the tetanized region—which did not alter 
the results, though a considerable local effect was also present in many 
cases. Also reversing the nerve on the electrodes gave essentially the same 
results as the usual position. 

A more serious difficulty involves the refractory period. During the 
relatively refractory period conduction velocity is definitely diminished 
(Forbes, Ray and Griffith, 1923; Gasser and Erlanger, 1925) and during 
long tetanization the duration of the refractory state is greatly increased, to 
over 9o for the absolute phase in green frog sciatic (Field and Briicke, 1926). 
If the relative phase is similarly extended, it might endure for 500 or 
more and a nerve tested with stimuli at 20 per second or above would show 
a slowed conduction rate because each impulse after the first would travel 
in partially refractory nerve. We have attempted to eliminate such an 
effect by using test stimuli at rates as low as 7 to 8 per second, which should 
fall well outside of any refractory period. The slowed conduction rate was 
obtained under these conditions. 

The strength of test stimulus also affords a problem in connection with 
current spread and number of activated fibers. The St. Louis workers 
(Gasser and Erlanger, 1927; Bishop and Heinbecker, 1930) have amply 
demonstrated statistical variation of individual axones as to conduction 
velocity, threshold, etc.; and have shown a consequent spreading of the 
conducted action potential in a whole nerve as action potentials in some 
axones forge ahead of others. The start of the potential rise in the whole 
nerve is actually, then, a measure of activity in the fastest a fibers, and the 
time from artifact to this point gives conduction velocity in these fastest 
fibers. This is what we have attempted to measure. Since, further, the 
most rapid fibers are also the most irritable ones, a just threshold test 
stimulus would suffice to activate them. 

This, however, gives a very low action potential, and the point at which 
it appears to start up from the base line would be later than when, with a 
large potential change, the curve sweeps upward with a sharp angle. An 
alternate expedient, of using stronger test stimuli and obtaining large po- 
tentiul waves might, however, lead to othererrors. As Adrian (1914) long 
ago pointed out, it is really impossible to stimulate a given nerve fiber with 
a supraminimal electrical stimulus; for if the current intensity directly over 
the electrode is above threshold for the fiber, then at some distance away it 
must be just threshold and the propagated impulse will move out from this 
more peripheral point. In other words, with intensities above threshold, 
the current ‘“‘spreads,’’ and impulses arise at a distance from the electrode. 
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This would reduce the actual conduction distance and give falsely high 
velocities; Kato (1926) in fact used such an effect to measure the distance of 
If, then, strong test stimuli were used here the 


current spread in nerve. 
initial velocities might appear too high. Worse, however, after intense 


activity the nerve fiber thresholds rise (Boyd and Gerard, 1930; Gerard 
and Forbes, 1928; Forbes and Rice, 1929) so that a given current would no 
longer stimulate at so great a distance from the electrode as originally 
This would increase the actual conduction distance and apparently slow 


conduction rate. 

We have avoided these difficulties in various ways. The apparent dis- 
placement of the rise of the action potential can be made very small with 
care and practise in making readings. Higher amplification also compen- 
sates for the excitation of fewer fibers. The test stimulus strength has 
been kept slightly above threshold, or, in some experiments, adjusted for 
each test to give the same, very low, potential response. This threshold 
value was definitely increased after a period of tetanization and, if current 
spread were in any way complicating our results, would have led to an ap- 


parent zncrease in velocity. 
In several experiments attention was focussed on action potential magni- 


tude and form rather than conduction velocity. Forthese, definitely maxi- 
mal stimuli (for the A fibers) were used, and the standing potential wave 
traced on roughened celluloid or contact prints made or, with the brighter 
Records illustrating the results are reproduced in 


beam, photographed. 
figure 2. (Curves are not retouched.) 

One change in the action potential that is easily seen as equilibration 
proceeds is a greater separation of the constituent waves. This is associ- 
ated with a decrease in amplitude affecting in order the a, 8 and y groups. 
Descriptively, with continuing tetanization, the potential wave begins 
later, rises more slowly and to a lesser height, and shows a prolonged de- 
scending limb with exaggerated secondary waves which later lose much in 
amplitude though remaining widely spaced. Further, using nerves crushed 
between leads but which still give a slightly diphasic response at the start of 
a period, as equilibration proceeds a more perfectly monophasic wave is 
On repeated tetanizations of a nerve, the fall is progressively 


obtained.” 
more rapid and to lower values in successive ones; and the slowing in con- 


duction rate is likewise more. Thus, in one experiment, the height of the 
action potential at the start of the first thirteen-minute tetanization and of 
the second, begun after a quarter of an hour recovery, was 16.5 mm. In 
per cent of the maximum, later readings were: first period: 1 minute, 90; 3 
minutes, 76; 6 minutes, 70; 12 minutes, 64; second period: 2 minutes, 76; 6 


minutes, 61; 12 minutes, 56. 


2? Even with usual diphasic leads, the response after tetanization sometimes be- 
This and other more obscure effects will not be further 


comes nearly monophasic. 
discussed at this time. 


R. W. GERARD AND W. H. MARSHALL 


Fig. 2. January 6, 1933. Green frogsciatic. 23°C. Stimulation at 120 per second, 


just maximal for ¢ fibers. Stimulating leads at proximal end of nerve, 3 mm. apart, 
cathode distal. Ground lead 24mm. away, grid lead 17 mm. further. Nerve crushed 
above distal lead. Timing frequency = 1280 per second, from oscillator 

a. Recovery after 15 minutes’ tetanization. 1. Lowest curve, just before stopping 
tetanization. 2. Next, one minute later. Tetanization resumed for 1-2 seconds 
while picture taken. 3. Next, three minutes’ recovery. Note both stimulus and 
response are displaced to the right. 4. Next, eight minutes’ recovery. 5. Highest 
curve, fifteen minutes’ recovery. 

b. Equilibration during tetanization. Slower time axis. Fifteen minutes after 
A. 1. Highest curve. At start of tetanization. 2. Next, one minute later, contin- 
ued tetanization. 3. Next, three minutes’ tentanization. 4. Lowest, ten minutes’ 
tetanization 

February 21, 1933. Green frog sciatic. 22°C. No crush. 

ce. Upper group. From right to left: 1. At end of 15 minutes’ tetanization at 60 
per second. 2. 1 minute later. 3. 3 minutes later. Lower group. From left to 
right: 1. Start of tetanus at 60 per second. 2. 1 minute later, tetanus continuing. 
3. After 3 minutes’ tetanus. 4. After 6 minutes’ tetanus. 5. After 12 minutes’ 
tetanus. 

d. Recovery from 15 minutes’ tetanus at 120 per second. Right to left: 1. End of 
tetanus. 2. 1 minute recovery. 3. 3 minutes’ recovery. 4. 10 minutes’ recovery 
Time = 2000 per second from stimulator. Distances between leads: 6 mm., 32 mm., 


15mm. Nerve crushed above distal lead. 
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Discussion. The results are in accord with theoretical expectations. 
If, as is current theory, the propagation of the nerve impulse involves a 
succession of excitations of inactive regions by the action potentials of ad- 
jacent ones, the velocity of propagation must fall when the threshold for 
excitation is raised or the action potential is decreased. Both such changes 
occur during equilibration, so that a fall in velocity should also result. 
Although numerous attempts have been made to develop adequate equa- 
tions expressing the relations quantitatively (Lillie, 1932; Gasser, 1927; 
Cremer, 1929) a fully satisfactory one has not yet beenestablished. The 
present results, plus the earlier ones on threshold change, do not sup- 


Nerve Bos 


Schematic Diagram 


Fig. 3 


port the simple relation, Velocity = eae for typical results at the 
height of equilibration are: V = —35 percent; T = +30 per cent; k.M.F. 
= —35percent. This calculation is dubious to the extent that the loss in 
height of the action potential wave is due to an unknown degree to the 


e. February 15, 1933. Green frog sciatic. 22°C. No crush. Continued stimu- 
lation at 60 per second. Time = 2000 per second from stimulator. Distances be- 
tween leads 6, 16,14 mm. From right to left: 1. Start. 2. 10 seconds later, stimu- 
lating leads moved 7 mm. nearer to ground lead. 3. 1 minute after start, stimulating 
leads in original position. 4. 3 minutes after start, same. 5. 5 minutes after start. 
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spreading apart of the several conducted axone waves rather than a diminu- 
tion of each. 

It is further suggestive that the smaller diametered fibers are more de- 
pressed by maintained activity than are the large. Since the amount of 
breakdown during conduction probably can be related to the surface area 
per unit length of fiber and the restoration to the volume, larger fibers 
should enjoy arelative advantage. (Fora discussion of evidence leading to 
such a view, see Gerard, 1932.) 

The shape and duration of the curves of changes of conduction rate and 
potential height during establishment of and recovery from a state of equili- 
bration are also in harmony with previous experimental results and with 
theory. Thus, the change is rapid at first and progressively slower, ap- 
proaching the asymptotic value in about 15 minutes. This corresponds 
well with the duration of the extra heat production and oxygen consump- 
tion following activity as well as with that of changes in threshold, ete. 


SUMMARY 


The velocity of propagation of the nerve impulse (and the shape of the 
action potential) in frog sciatic and dog phrenic nerves has been studied 
with the aid of the cathode ray oscillograph. 

During equilibration, produced by continued tetanization at frequencies 
up to 300 per second, conduction rate and potential amplitude fall, at first 


rapidly, then more slowly, to an equilibrium level less than two-thirds nor- 
mal reached in a quarter of an hour. During a similar rest period, inverse 
changes restore the nerve essentially to its initial state. Small diameter 
fibers are more affected than large. 

These findings complement similar ones regarding heat production, 
threshold, etc., and are in agreement with theoretical expectations. 
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APPENDIX 


THE HIGH VOLTAGE CATHODE RAY TUBE AND ACCESSORY APPARATUS (W.H.M.). A 
schematic diagram of the arrangement used is presented in figure 3. The high volt- 
age is supplied to the cathode ray tube and time axis apparatus from a “‘voltage dou- 
bling”’ rectifying circuit recommended by the General Electric Company for their 
oscillograph tube F. P. 53. This circuit permits full wave rectification without a 
center tap on the high voltage transformer secondary. However the peak voltage on 
the rectifying tube, R, is quite high so some adjustments were necessary on the equip- 
ment as used. The metal case of the high voltage transformer (Thordarson T-2387- 
A) was removed, the transformer mounted on insulators and the core left ungrounded. 
The transformers, F7', supplying the filaments of the rectifier tubes (Thordarson 
T-3680) also were altered, the part of the case near the high voltage terminals being 
removed and the transformers immersed in Westinghouse transformer oil. The 
cores were grounded. The inductances, L, (Thordarson 4456, 25 henrys) carried the 
voltage without alteration. The condensers, CR, (Flechthein) have a capacity of 
1000 mfd, and are rated at 5000 volts D. C. and, CF, at 3000 volts D.C. The poten- 
tiometer resistance, RP, is made up of 15 units (Electrad) each of 50,000 ohm 25 watts 
rating. 

Fuses, f, consisting of 1 inch sections of no. 40 B. and S. gauge copper wire, are 
liberally distributed about the system to minimize injury to apparatus or operator in 
case of accident. 

The rheostat, R;, (Ohmite) has a resistance of 50 ohms and is rated at 50 watts. It 
is always turned to full resistance before the primary voltage is turned on, then 
slowly diminished, in order to decrease the initial surge which occurs while the react- 
ance in the transformer circuit is being built up. 

The voltage supply is taken from the potentiometer in the leads designated /, 2, 3, 
4, 5,6, which are lengths of spark plug cable. Lead / carries the fraction negative to 
the cathode to the grid, G, of the oscillograph tube FP-53. The voltage relative to 
the cathode available in this lead can be varied from zero to 75 volts and is applied to 
control the intensity of the fluorescent spot and to aid in securing a sharp focus, for an 
increasing negative voltage on the grid cuts out the more diffuse peripheral portions 
of the electron stream before the main axis. Lead 2 carries the potential to the 
cathode and is the zero point for all other potentials which are applied to the elements 
of thetube. Lead 3 carries the positive, accelerating potential to the focussing cylin- 
der, FC. This element acts as a focusing device for the electron beam and, for any 
particular filament temperature, must be set at a definite fraction, about }, of the 
total anode voltage supplied to the sputtered gold screen anode through lead 4. 
The anode is connected to one of the x-axis plates inside the tube, as shown in the 
diagram, and this positive side is grounded. 
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The filament of the cathode tube is supplied from the 60-cycle line by a 2.5 volt fila- 
ment transformer (Thordarson T-3680) of 3600 V insulation rating. A rheostat 
R,, (Ohmite 1000 ohms, rated at 400 watts) is used to regulate the filament voltag« 
over arange of 1} to 24 volts. 

The great luminosity of the spot makes it possible to obtain sharp, accurate photo- 
graphs through an ordinary portrait camera with the diaphragm set at the [4.5 posi- 
tion. The pictures shown here were taken on an ordinary amateur film pack (East- 
man Verichrome), with an exposure of less than } second (about 20 to 30 spot excur- 
sions per second), with an anode voltage of 1800 and a filament voltage of 2}. We 
have not yet found the photographic limit but the luminosity probably varies as the 
kinetic energy of the electrons striking the screen, in which case the luminosity in- 
creases directly as the square of the voltage applied, or perhaps somewhat more if the 
tube current is not already at the saturation point. Also, much more sensitive films 
can be used, so that it is probable that a single excursion at a velocity up to 1000 cm./ 
sec. or more can be recorded through a camera lens. 

When tracings are used or measurements made directly on the face of the tube, an 
anode voltage of 1500 and a filament voltage of 13 provides sufficient intensity to work 
in a well daylit room. 

The sensitivity varies inversely as the anode voltage; at 1800 volts it is 0.03 
em./volt and at 1000 volts it is 0.05 em./volt. 

The x-axis apparatus is a conventional thyratron arrangement. The potentiom- 
eter, RP2, is made up of 13 units of 50,000 ohms each arranged to provide a contin- 
uously variable voltage from zero to 1400 volts. The diode tube, D, isa high vacuum 
rectifier (Westinghouse D R 0-581). The resistance, R:, is a 30 ohm filament rheo- 
stat. This must be of high quality to insure that the axis condenser is charged at a 
constant rate. The values of the x-axis condensers C;, C2, C;and C, are 0.00005, 0.02, 
0.1 and 0.5 mfd. The thyratron (General Electric Co. F G-17) filament is supplied 
by a 2.5 volt transformer (Thordarson T-3680) and its grid voltage can be supplied 
over a continuous range from —9to+9 volts. (Higher negative values are required 
for operating on an anode potential of 3000 volts because of the increased voltage 
necessary to deflect the spot across the tube.) The entire assembly is at high poten- 
tial to ground. Synchronization is provided by coupling the stimulator and timing 
oscillator to the grid circuit through capacities C; (0.006 mfd. each). The x-axis dis- 
charge tends to fall in phase with the 60 cycle supply or in some multiple of it, due to 
imperfect filtering of the high voltage supply. This was of no particular disadvan- 
tage in these experiments, but the apparatus has since been altered to provide for x- 
axis operation by means of a hand key or commutator. A transformer, 7g, (any 
ordinary filament transformer with insulation to stand 2000 volts may be used) is con- 
nected with one winding in series with the grid and the other in series with the key or 
commutator, a variable resistance, Rg, of 5000 ohms, an iron core inductance, Lg, 
(primary of a discarded audio amplifying transformer) and two dry cells. The in- 
ductance is used so that by varying the resistance the grid potential of the thyratron 
is raised sufficiently to discharge the thyratron only at break of the key or commuta- 
tor. A D.C. battery providing up to 600 volts, is connected through a 50,000 ohm 
resistance to a double pole, double throw switch so that the potentiometer, RP2, may 
be switched out and the battery supply used in its place. This abolishes the ten- 
dency of the thyratron to operate on a multiple of 60 cycles. 

The amplifier is a conventional resistance capacity coupled arrangement using 
RCA-57 tubes. The plate resistors are 200,000 ohm wire wound units. The grid 
resistor, 7), is3 megohms and 7,is1megohm. The coupling capacities, C2, are units 
of 0.02 mfd. each. The plate battery delivers 400 volts. The suppressor grids (not 
shown in diagram) are connected to the cathode. This two-stage unit had an over 
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all gain of up to 10,000 giving a tube sensitivity of 0.3cem. per millivolt. For bull frog 
sciatic another stage was used increasing the sensitivity to 3.0 em. per millivolt 

Such an amplifier using high impedance tubes and high plate resistors does n« 
have a good high frequency characteristic, but the possible error introduced f 
that source is much less than the order of change of velocity measured 

The timing oscillator was adjusted to any convenient frequency for which there 
was a standard available. For some experiments recorded in the photographs the 
oscillator was set to zero beat with a 1280 cycle tuning fork with the circuits coupled 
and operating so that effects of circuit interaction were automatically eliminated 

Time measurements for the low voltage oscillograph were made with the oscillator 
synchronized by commutator. The grid circuit was connected through one of the 
segments of the commutator so that the oscillator was started a few periods before 
the x-axis excursion began. With careful adjustments of circuit and commutator 
brushes this scheme functions with practical stability over the time intervals used, 
i.e., cathode ray excursions of 10cm. pera orless. In this case also the oscillator was 
set to zero beat with a standard with the circuits coupled and operating. For con- 
venience in locating corresponding points on the timing oscillogram the wave shape 
was changed from the sine type to a cycloid type by altering the coupling ratio of the 
oscillator. 

We wish to acknowledge much helpful advice from members of the engineering 
staffs of the General Electric Company and Westinghouse Electric and Manufactur- 
ing Company consulted on several occasions, and to thank Dr. J. Barton Hoag of the 
Department of Physics of the University of Chicago for the loan of frequency stand- 
ards on many occasions. 
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The ingenious experiments of the St. Louis workers (Gasser and Er- 
langer, 1927, 1929) have clearly established a roughly linear relationship 
between the diameter of a fiber and the velocity of propagation of an im- 
pulse along it. Some such relation was to be anticipated from the preva- 
lent theory of nerve conduction as well as from results obtained with the 
iron wire model (Lillie, 1925) and from threshold relations established 
for nerve (Lapicque and Legendre, 1913). The interesting anatomical 
fact had been neglected, however, that the length of the internodal seg- 
ments of the myelin sheath is also in simple proportion to the fiber diameter 
(Boycott, 1904; Takahashi, 1908; Hatai, 1910). For the iron wire, Lillie 
(1925) showed that an impulse can jump from node to node of a sheathed 
“nerve” (breaks in a glass tube closely surrounding the wire) and so travel 
faster than in a bare one. There is no theoretical reason why a similar 
propagation might not occur in nerve, and the well-known fact that non- 
medullated nerves conduct more slowly than the sheathed ones—slow even 
in relation to their smaller diameter (Erlanger and Gasser, 1930)—makes 
it of interest to determine whether velocity varies with fiber diameter per 
se or with internodal length, in turn a function of fiber diameter. 

For the green frog sciatic, it is reported that the average internodal 
length in the peripheral portion is thirty per cent greater than in the central 
end for each fiber size (Hatai, 1910). The average fiber diameter, on 
the contrary, decreases about 10 per cent (Hatai, 1910) and large fibers 
especially are lost (Dunn, 1902). If conduction velocity, therefore, par- 
allels the length of the myelin segment, it should be relatively greater in 
the peripheral stretch of a nerve; if it follows fiber diameter, it should be 
less. (For further data and considerations, see Gerard, 1931, 1932.) 

Metuops. The cathode ray oscillograph and ancillary apparatus de- 
scribed in the preceding paper were used. (The new high-voltage appa- 
ratus was not available for these experiments.) A bull-frog nerve was 
mounted over movable silver chloride electrodes in a moist box, central 
end on the stimulating electrodes, and either the pair of stimulating elec- 
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trodes or the pair of lead electrodes moved as a unit alongit. On the face 
of the oscillograph tube appeared the stimulus artifact and a standing 
action potential wave. (Stimuli and time axis spreader were synchron- 
ized by a commutator, usually at 25 stimuli and sweeps per second.) The 
distance from the start of the artifact to that of the response was directly 
measured with dividers and at once taken off in time units from the stand- 
ing wave of a 4000 cycle oscillator. The distance between distal stimu- 
lating lead (cathode) and proximal pick-up lead and the time between 
artifact and response give propagation velocity in the fastest fibers. 

Stimuli of near-threshold strength were usually chosen, to minimize 
spread of the stimulus and the consequent danger of recording falsely high 
velocities for the proximal strength. This error is further eliminated, since 
readings were taken as the pick-up (or stimulating) electrodes were moved 
by one or two centimeter divisions up and down the whole nerve and the 
velocity for each stretch determined by the time difference between the 
readings obtained at each end. The presence of branches tends to intro- 
duce errors (Bishop, Erlanger and Gasser, 1926) but these can be largely 
eliminated by keeping the lead electrodes close together so as not to in- 
clude a branch between them. The nerve is also abnormal within a centi- 
meter or two of the cut ends, where conduction is slowed, and these regions 
were not included in the tests. In two experiments, to eliminate the in- 
fluence of any possible longitudinal polarization or sheath effect, the nerve 
was mounted in the reverse direction, with distal end on the stimulating 
electrodes, and corresponding results were obtained. 

Resutts. The results of over a dozen experiments on the bull frog 
sciatic can be simply summarized: propagation velocity is greatest in the 
proximal stretch and decreases fairly uniformly toward the periphery. 
On the average, the rate is 27 per cent less in the distal than in the proximal 
fourth (table 1). In the green frog sciatic, the rate may increase slightly 
from the proximal to the middle portion, and then it decreases peripherally. 
We have found no data on internodes in the bull frog nerve (most of our 
experiments were performed on this since it is difficult to obtain suffici- 
ently long uncomplicated stretches in the green frog nerve) and are in- 
debted to Miss M. Shaffer for a few measurements made after osmic 
fixation of teased preparations from nerves we have used. These are not 
sufficient to bring statistical confidence but suggest that the situation is 
similar to that in the green frog. Thus many more large diameter fibers 
are present in the proximal than in the distal portion of the same nerve, and 
for the 8.5yu fibers, the only ones permitting comparison, internode length 
is somewhat greater peripherally (table 2). If the average internode length 
be estimated by multiplying average length for each diameter by number 
of fibers of this diameter, the distal portion has an average internode length 
23 per cent shorter than the proximal portion. Since velocity was meas- 
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ured for the fastest fibers, however, this figure is not directly comparable 
to that for velocity differences; though our few data on diameter suggest 
that definitely smaller fibers may have determined this rate peripherally 
than centrally. 


TABLE 1 


Bull frog sciatic, conduction time 


CONDUCTION TIME, VALUE OF MIDDLE STRETCH = 100 PER CENT 


From 2-6 cm. From 6-10 cm. From 10-14 em 


per cent per cent per cent 
April 23, 1931.... , 100 117 
May 28....... 90 100 149 
June 16.... 100 100 121 
gunme 18...... 95 100 110 


TABLE 2 
Bull frog sciatic. Histologic data 


PROXIMAL END } DISTAL END 


Number of Average Average inter- 


fibers diameter | nodallength | fibers diameter nodal length 


| 
Number of | Average | Average inter- 


| 14.4 | 1709 | 45 1630 
13.1 1237 ’ 13.1 1279 
10.5 | 1077 10.3 1030 
| 8.6 | 837 | 8.3 851 


SUMMARY 


The velocity of conduction in the fastest fibers of the bull frog sciatic 
is 27 per cent less in the distal fourth than in the proximal one. Pending 
more complete data on the fiber population and the diameter-internode 
relations in this nerve, a definite interpretation of this finding is impossible; 
though it suggests that velocity is a more direct function of fiber diameter 
than of the associated internodal length. 
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The degeneration of a nerve fiber severed from its cell body has been 
attributed (Cook and Gerard, 1931; Gerard, 1932) to exhaustion of con- 
tained oxidative catalysts which originally, and under normal conditions 
continuously, spread along the fiber from the cell body. Besides marshal- 
ing evidence that large molecules can be transported relatively rapidly 
along axones, and further that mere block of conduction does not lead to 
degeneration of the blocked fibers so long as anatomical continuity with the 
cell is maintained, it was found in the dog that cut fibers degenerated more 
rapidly when their oxidative rate was kept high by continued activity than 
when they remained at rest. 

From such an hypothesis it would follow that also in isolated nerves main- 
tained activity should hasten the loss of ability to conduct. The present 
experiments, performed to test this prediction, have yielded results in ac- 
cord with expectations. 

Pointing in the same direction is recent evidence (Parker and Brockel- 
bank, 1932) that degeneration of a severed fiber progresses centrifugally ; 
for if the crucial substance spreads along a fiber not by diffusion but by 
some more active process it will continue to move peripherally in the cut 
fiber and the central part of this, receiving no replacement from above, will 
first suffer. What the mechanism of spread may beisat present guesswork, 
but it is worth noting that Speidel’s (1932) films of living nerve fibers show 
active constriction and distention of the axis cylinder, sometimes moving 
like a peristaltic wave and much exaggerated in a sectioned fiber. 

Metuops. The sciatics of a green frog were carefully dissected and kept 
in Ringer about fifteen minutes. They were mounted in separate paraffin 
chambers on freshly coated Ag-AgCl electrodes. The central ends lay on a 
pair of stimulating electrodes 3 mm. apart, and two lead-off electrodes, A, 
were placed, respectively, 40 and 65 mm. beyond the lower stimulating 
lead. The nerve was crushed just proximal to the far electrode, a fresh 
crush being made sometimes during the course of an experiment, always at 
theend. A second pair of stimulating leads, B, was supplied 20 mm. distal 
to the first pair. Maximal stimuli (often adjusted to maximal intensity 
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at intervals during an experiment) were obtained from a Harvard induc- 
tion coil, the primary of which was interrupted 100 times a second by a 
vibrating steel spring (Gerard, 1930). Action potentials were recorded bal- 
listically with a moving coil galvanometer (L. and N.; H. 5. type), using a 
10 M.F. condenser in the circuit to eliminate changes in demarcation poten- 
tial. Room temperature varied from 23 to 25°C. 

A routine procedure was adopted in testing activity, otherwise many 
irregularities crept in. At the start, a brief tetanus (3 seconds) was applied 
through electrodes A to the first nerve, a minute later through the A pair to 
the second, then at the same intervals through the B electrodes to the first 
and the second nerves. Continuing at minute intervals, the sequence was 
repeated until progressive changes in the recorded response to each stimula- 
tion had stopped and constant deflections were obtained, usually about 15 
minutes. (This early change in response depends on the shift from one 
state of rest or activity to another and the attendant equilibration.) One 
nerve was then tetanized continuously through the A electrodes; the other 
was left at rest. At convenient intervals (1-3 hours usually), the con- 
tinued tetanization was suspended and the action potentials of both nerves 
measured as before. In various experiments the stimulated nerve was 
tetanized throughout (except for test periods), or given equal periods of 
rest and activity. In all cases, however, at least one rest period of an hour 

yas inserted before the final reading, to allow recovery from any reversible 
changes of equilibration or fatigue. 

Resutts. All experiments (over 15) showed consistently a more rapid 
falling off of action potential with time in the tetanized nerve than in its 
resting companion. The average results of 8 complete experiments are 
shown in figure 1; a single one in figure 2. 

Since continued stimulation was applied only through the A electrodes, 
local changes due to the imposed current should not affect the responses 
obtained from B stimulation, and the average curves include only such 
data. Responses obtained from A, as would be anticipated, are much 
less than from B in the stimulated nerve, somewhat less in the resting 
one. At 8 hours, for example, when A stimulation of the tetanized nerves 
gave action potentials averaging only 1 per cent of the initial value, B stim- 
ulation gave 12 per cent; and for the resting nerves A gave 50 and B, 80 per 
cent of the initial values. 

It is striking that half the fallin the tetanized nerve (75 per cent to 25 per 
cent initial) occurs between four and six hours. This presumably repre- 
sents the period of failure of the bulk of the individual axones. Since con- 
tinued activity increases the oxygen consumption of Pipiens sciatics only 
about 40 per cent; if failure of a nerve fiber depends on exhausting a fixed 
supply of oxidizing capacity, resting fibers should fail in about seven hours if 
active ones do soin five. The resting nerve clearly does not fail so rapidly, 
which suggests that still other factors play a réle. 
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Another point to be considered is the availability of oxidizable substrate, 
which might be sooner exhausted in the active than resting nerve. Since 
the food oxidized to supply energy for the active nerve is not known, this 
factor cannot be controlled in vitro; but at least soaking the nerves in 
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glucose Ringer does not alter the relations. Also, in the in vivo experi- 
ments on dogs a depletion of substrate was presumably excluded. 


SUMMARY 


An isolated frog sciatic nerve loses its ability to conduct much earlier 
when kept active than when atrest. This finding isin accord with the view 
that degeneration of a cut nerve is related to depletion of its oxidative 
mechanisms. 
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Investigations concerned with the quantitative vitamin requirements of 
animals, the functions of vitamins in the body, and the distribution of 
vitamins in food materials increase in significance in proportion to the 
progress attained in the chemical identification of vitamins and in the 
preparation of them in pure form. The use in such investigations of 
vitamin concentrates containing much material other than the vitamin 
being studied complicates their interpretation to the extent that the re- 
sults observed and measured may have been produced by one or more of a 
number of unknown nutritive factors. In such a situation the refinement 
of methods of investigation in the direction of a more perfect control of 
the conditions affecting the desired measurements may clarify the inter- 
pretation only to an inconsiderable extent. 

However, the rapid advances recently made in the identification of 
vitamins justify attempts to improve methods of vitamin investigation. 
In fact, the full advantages of these advances in vitamin chemistry can 
be realized only by correcting the defects of prevalent methods of vitamin 
assay. In this connection it seems safe to assume that the vitamin con- 
tent of materials must be determined by biological methods even after 
the chemical constitution of any vitamin has been definitely ascertained. 
The small concentrations of vitamins, in natural food materials at least, 
and the difficulties of quantitative organic analysis, particularly with 
reference to one of a number of possible isomers, offer small hope that the 
quantitative chemical analysis of vitamins will be attainable by any known 
method. 

The investigations to be reported in this and the following paper were 
undertaken in the belief that methods designed for the purpose of measur- 
ing the relative vitamin contents of food materials or artificial concentrates 
should be well controlled with reference to all of the factors that may in- 
fluence the final results. The control of the food consumption of the ex- 
perimental animals seems to be of primary importance. Whether the food 
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materials under test are incorporated in varying percentages into rations 
providing adequate concentrations of all of the known nutritive factors 
except for the vitamin being studied, or whether the food materials are fed 
separately in measured doses as supplements to a basal ration as nearly 
devoid of the vitamin as it seems possible to make it but otherwise ade- 
quate; whether the criterion for a difference in vitamin potency between 
two rations be a difference in the rate of growth, or a difference in the time 
of appearance or disappearance of specific pathological symptoms or a 
difference in their intensity, it cannot be denied that the amount of food 
consumed may modify the outcome. Nor is this merely a remote possi- 
bility that may be neglected with no considerable probability of compli- 
cating the interpretation of the results obtained. The author is aware of 
no published evidence that the consumption of variable amounts of the 
same ration, of whatever description, by similar experimental animals 
does not induce variable gains, and, in the case of deficient rations, vari- 
able nutritive states, and he believes that the known facts of nutrition all 
justify the expectation that such evidence will not be forthcoming. But 
until such evidence is obtained, there seems to be no complete justifica- 
tion for a failure to control the food consumption of experimental animals 
in all experiments in which a difference in rate of growth, or in nutritive 
condition, is interpreted as the result of a difference in the intake of a 
definite nutritive factor, such as a vitamin. This control should be such 
that animals that are to be compared with respect to their performances, 
will consume the same amount of the rations whose comparative nutritive 
values it is desired to measure. 

In vitamin experiments, it is not sufficient to control merely the con- 
sumption of the test food containing the vitamin, since a variable intake 
of the basal vitamin-free ration may be expected to modify to some extent 
the rate of growth and the nutritive condition of the animals. Nor is the 
fact that little variation in performance is noted within successive groups 
of animals receiving increasing dosages of the test food, or the fact that 
the average performances of successive groups show a progressively better 
response, any sure indication that the interpretation of the data is not 
being complicated by a variable intake of the basal ration. If successive 
groups of animals, receiving increasing measured doses of the vitamin- 
containing food, consume (as they probably will up to a certain point) 
increasing amounts of the basal ration, then the difference in average 
performance between any two groups is not the result only of the differ- 
ence in the amount of test food consumed, but will in part be due to a 
difference in the amount of basal ration consumed. The definition of a 
vitamin unit as that amount of vitamin that will induce a slow but definite 
rate of growth through a given period, cannot be considered a precise 
definition, since the amount and character of the ration simultaneously 
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consumed is not specified, although they will, if variable, modify the rate 
of growth resulting from the same amount of the vitamin in question. 

Since the most complete control of experimental conditions in a deter- 
mination of the relative amounts of vitamin in two substances requires the 
regulation of the amount of total food consumed, the most logical method 
of feeding the test foods would seem to be to incorporate them as definite 
percentages of a ration adequate except for the vitamin concerned. This 
plan has several advantages, it appears, over the not uncommon practice 
of administering the test food by itself in equal daily doses. It recognizes 
the fact that the utilization of any one nutrient in growth and in the main- 
tenance of health depends upon the simultaneous ingestion of a number of 
other indispensable nutrients, and that a constant utilization of the nutri- 
ent can be expected only when the proportions existing between it and 
each of the others is kept constant. It also recognizes the fact that the 
nutritive requirements of animals for growth depend upon the amount of 
growth occurring, which in turn depends upon the amounts of total food 
consumed and the presence in this food of adequate proportions of all of 
the nutrients indispensable for growth. And finailiy it assures that, even 
when large amounts of the test food must be ingested to secure a desired 
effect, the ration will never become deficient in any nutrient other than 
the vitamin under test. When the test food is fed separate from a basal 
ration designed to secure an adequate intake of all nutrients but the one 
vitamin, and when large amounts must be fed to produce the desired nu- 
tritive effect, the ingestion of the vitamin-free basal ration may drop to 
such a level that the total intake of food becomes deficient in more than 
the one factor. Obviously the accurate determination of the vitamin 
values of materials containing them in very small concentrations is im- 
possible by any direct biological method. In such cases, extraction of the 
vitamin by a suitable solvent may permit of an indirect determination 
possessing greater accuracy. 

It seemed that the requirements for the control of the food consumption 
of experimental animals whose performance is to be compared and in- 
terpreted in terms of a definite vitamin, would be completely satisfied by 
the paired-feeding method. It was decided to measure the vitamin- 
potency of the materials to be tested by determining the smallest concen- 
trations of them that would provide a sufficient amount of the vitamin to 
induce maximum growth. It seems reasonable to assume until the con- 
trary is proven to be true that this concentration of vitamin would be 
essentially the same for all test materials, and hence that the relative 
vitamin potency of such materials would vary inversely with these de- 
termined concentrations. There is of course the possibility that variation 
in the concentration of one or more of the other nutrients in the ration will 
modify the concentration of a given vitamin required for maximum growth, 
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although attempts to prove this proposition have given contradictory 
results. 

The general plan of assessing the relative vitamin value of a food materia! 
has been to incorporate it in varying percentages in rations otherwise de- 
void of the vitamin, insofar as it was possible to make them so, and other- 
wise adequate for maximum growth. Each ration was tested with a num- 
ber of pairs of rats (not less than four), the rats of the same pair being 
the same in sex, of approximately the same initial weight, preferably (and 
generally) from the same litter and subjected to the same preliminary 
treatment. In each pair, both rats were given the same amount of food, 
determined at any time by the rat that was eating the least. The only 
difference accorded the rats in each pair was that one of them received 
daily in addition to its ration, a small amount of a concentrated preparation 
of the vitamin. If the test material, in the percentage present in a given 
ration, did not provide a concentration of the vitamin adequate for the 
promotion of maximum growth, then the rat in each pair receiving the 
vitamin concentrate would grow the faster. On the other hand, if the 
test material provided enough of the vitamin for maximum growth, the 
added vitamin supplement would not induce more rapid gains. By in- 
vestigating a number of concentrations of test material in this way, it is 
possible to determine within narrow limits the minimum concentration 
that will promote maximum growth, which is the criterion desired of the 
relative vitamin potency of a food. 

If potent vitamin concentrates are evaluated in this way, or if eventually 
pure vitamin preparations become available, then the critical concentra- 
tion of them determined in the above described manner will measure the 
vitamin requirements of the experimental animals in terms of a perfectly 
balanced ration. 

THE EXPERIMENTAL PROCEDURES. The rats were first subjected to a 
preliminary feeding period, in order to deplete them of any stores of vita- 
min B. They were taken at approximately four weeks of age, transferred 
from the stock cages to individual wire cages with raised bottoms of wide 
mesh, and given ad libitum a ration consisting of casein 18 per cent, the 
Osborne and Mendel salt mixture (1) 4 per cent, filtered butterfat 10 per 
cent, autoclaved yeast 5 per cent, cod liver oil 2 per cent, sodium chloride 
1 per cent, sucrose, C. P., 10 per cent, and corn starch 50 per cent. The 
casein and the starch used in this ration, and in all subsequent rations, were 
extracted with 60 per cent alcohol to remove the vitamin B, according to 
the directions of Sherman and MacArthur (2). The yeast was autoclaved 
for 5 hours at a steam pressure of 15 to 18 pounds. 

The preliminary feeding period lasted until the rats became stationary 
in weight, a result obtained ordinarily in less than three weeks. They 
were then weighed for three consecutive days and paired for experimental 
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feeding on the basis of the average of the three weights. Pair mates were 
always of the same sex and in the great majority of cases they were litter 
mates. When rats from different litters were, infrequently, paired, they 
were always of the same age within a day or two and had been on the de- 
pleting ration for the same period of time. 

The first food tested by the method wascorn. A quantity of high grade 
corn (Reid’s yellow dent) was obtained from the Agronomy Department 
of the University. The sample, after air-drying, contained 6.99 per cent 
of water, 10.47 per cent of crude protein, 4.53 per cent of fat, 1.30 per cent 
of ash, and 4.19 calories per gram. It was incorporated into the vitamin- 
B-free ration by substituting it for starch. In this way three test rations 
were prepared containing, respectively, 35, 40 and 45 per cent of corn 
The butterfat in these rations was reduced in proportion to the corn oil 
thus introduced, so that the fat and energy content would be very nearly 
equalized. Preliminary experiments had indicated that the desired criti- 
cal percentage of corn was somewhere between 35 and 45. 

On each of these rations, seven or eight pairs of rats were placed. The 
initial weights of the rats in the large majority of cases lay between 40 
and 60 grams. The two rats in each pair received the same amount of 
their respective ration, the only difference in treatment being that one 
rat received a supplement of vitamin B, i.e., 3 drops daily of tikitiki ex- 
tract, while the other rat received an amount of a 60 per cent solution of 
pure sucrose containing an equal heat value. The tikitiki extract was 
either obtained from the Philippine Bureau of Science or prepared in the 
laboratory according to the method of Wells (3). 

The rats were weighed for three consecutive days at the beginning of 
the experiment and weekly thereafter. The final weight also was the 
average of three consecutive daily weights. The feeding period was con- 
tinued generally until the rats weighed approximately 125 grams. In 
these first experiments with corn the experimental feeding lasted for three 
weeks. 

The most significant results of the experiment are the differences in total 
gain between pair mates. The size and direction of these differences are 
depicted in a simple fashion in the upper part of chart 1. On the ration 
containing 35 per cent of corn, the rat, in each of the seven pairs, that re- 
ceived the vitamin B supplement gained the faster. The average excess 
gain of these rats over their pair mates receiving no vitamin supplement 
was 8.6 grams in three weeks. The probability that this outcome was the 
result of a fortuitous combination of growth factors common to both test 
and control rats is only 0.003, according to ‘‘Student’s’”’ method. This 
probability is so small that it can be neglected. Therefore, the conclusion 
is justified that the rats receiving the vitamin B supplement grew faster 
than their control mates, because of the added allowance of vitamin B, 


Rations containing 18 percent casein: 


Scale 35 pct. of corn 40 pet. of corn 45 pet. of corn 
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Rations containing 30 percent casein: 


No corn 20 pet. of corn 25 pet. of corn 
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Rations containing 30 percent casein: 


pet. of corn 35 pet. of corn 


Rations containing 30 percent casein: 


35 pet. of corn 45 pet. of corn 50 pet. of corn 
(Hammarsten casein) 


Chart 1. The effect of supplementing rations containing varying percentages of 
corn (maize) as the sole source of vitamin B (B,) with tikitiki extract, in paired- 
feeding experiments. The vertical lines represent differences in total gain in body 
weight between pair mates during feeding periods ranging from 3 to 5 weeks. If 
erected above the horizontal base line, the difference was in favor of the pair mate 
receiving tikitiki extract. If dropped below the base line, the difference favored 
the pair mate receiving the unsupplemented ration. The length of the vertical 
lines measures the size of the difference in gain between pair mates, in accordance 
with the scale given. The figures given below each group of data are the mean, M, 
difference in gain between pair mates, and the probability, P, that the mean differ- 
ence was the result only of the random operation of factors common to rats on the 
supplemented and unsupplemented rations 
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the one growth factor not common to the two rats in each pair. It follows 
that 35 per cent of corn does not provide enough vitamin B for maximum 
growth. 

Similarly with the ration containing 40 per cent of corn. In all seven 
pairs the rat given the vitamin B supplement gained the faster, the average 
excess gain being 6.6 grams in three weeks. Again the probability that 
this result was a fortuitous one is negligible (0.006), so that the evidence is 
clear that 40 per cent of corn was not providing enough vitamin B in the 
ration for maximum growth. 

The results with the ration containing 45 per cent of corn afford a differ- 
ent picture. Of eight pairs of rats, four of them showed gains favoring the 
vitamin supplement and four of them showed gains favoring the unsupple- 
mented ration. The mean difference in gain between pair mates is prac- 
tically zero and the outcome of the test gives no indication of the operation 
of any but chance factors. It appears, therefore, that a ration containing 
45 per cent of corn contains a concentration of vitamin B adequate for 
maximum growth. 

The desired critical percentage of corn, i.e., that percentage which just 
provides enough vitamin B for maximum growth, lies between 40 and 45. 

In these three tests the food consumption averaged 9.04 grams daily 
for the 35 per cent corn ration, 9.35 grams daily for the 40 per cent corn 
ration, and 9.96 grams daily for the 45 per cent corn ration. During the 
process of equating each day the food intakes of pair mates, the food offered 
was increased by 1 gram if both pair mates cleaned up, or was left the same 
as that of the preceding day if only a small amount of food was refused by 
either rat, or was decreased if either rat left a considerable amount, the 
size of the reduction being gauged roughly by the amount of orts. A 
record was kept of the frequeney of the occurrence of orts for each rat. 
These frequencies afford reliable evidence of the avidity with which the 
food was being consumed. Comparisons between pair mates on this basis 
indicate whether or not the vitamin B supplement has improved appetite. 
Thus, in the case of the 35 per cent corn ration, there were 36 times that 
the control rats, receiving no vitamin supplement, left orts, and only 3 
times that their pair mates, receiving a vitamin supplement, left orts. On 
the ration containing 40 per cent of corn, orts were noted 38 times for the 
controls and 12 times for the test rats, while on the ration containing 45 
per cent of corn, orts were found 25 times for the control rats and 17 times 
for the test rats. For the first two rations, therefore, the evidence is clear 
that the vitamin B supplement intensified the appetite of the rat. For 
the last ration the evidence, while suggestive of this conclusion, is not clear- 
cut. 

In the next series of tests, the casein content of all of the rations contain- 
ing varying percentages of corn was increased from 18 to 30 percent. The 
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concentration of starch was at the same time reduced by 12 percent. This 
was done in order to determine whether, as some investigators believe, the 
amount of vitamin B required for growth varies with the concentration of 
protein in the ration. Thus, Reader and Drummond (4) claim that the 
greater the concentration of protein the greater must be the concentration 
of vitamin B (the complex). On the other hand, Evans and Lepkovsky 
(5) claim that added protein acts as a sparer of vitamin B. Opposed to 
both of these positions are the works of Sherman and Gloy (6) and of 
Guha (7). The former found no relation whatever between the require- 
ments for the vitamin B complex and the protein content of the rations, 
which was varied from 12 to 54 per cent. The latter claims that the re- 
quirement of vitamin B, for young growing rats was independent of the 
ratio of protein to carbohydrate in the diet. 

It seems impossible to reconcile these three types of experimental re- 
sults except on the basis of some gross factor that was not under experi- 
mental control. In all of these investigations the intake of food was not 
controlled, and it may not be unreasonable to suppose that a capricious 
appetite of the experimental animals may have obscured whatever rela- 
tion exists between protein and vitamin B requirements, for if the appetite 
were in part determined by the variables in the diet, it may, when uncon- 
trolled, have exaggerated this relation, or it may even have distorted the 
experimental results in such a way that their obvious interpretation would 
lend support to a relation directly contradictory of the truth. 

Hence, the method of vitamin assay involving paired feeding was applied 
to this problem of a possible relationship between the concentration of 
protein in the diet and the concentration of vitamin B required for maxi- 
mum growth. The direction and size of the differences in total gain be- 
tween pair mates are shown graphically in chart 1. The corn content of 
the rations, all containing 30 per cent of casein, was varied from 0 to 50 
per cent. The feeding periods lasted from three to five weeks, inclusive. 
The evidence is clear that as much as 25 per cent of corn did not furnish 
enough vitamin B for maximum growth. A ration containing 30 per cent 
of corn gave somewhat ambiguous results. In six of seven pairs of rats on 
this ration, the rat receiving a supplement of vitamin B gained the faster, 
but in one pair the reverse was true. The average difference was 4.3 
grams in favor of the supplemented ration, but the probability that this 
result was produced by chance is 0.055. Thus, if the vitamin B supplement 
had had no effect upon growth, an outcome of this character would be 
expected, from the operation of uncontrolled factors only, about once in 
18 trials. While this probability cannot be neglected, the evidence is 
strongly suggestive that the 30 per cent corn ration is deficient in vita- 
min B. 

All rations containing 35 per cent or more of corn gave no evidence of 
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any improvement in growth-promoting value when supplemented with 
vitamin B. Hence, the desired critical percentage of corn in the high- 
protein rations is between 30 and 35, as compared with 40 to 45 in the low- 
protein rations. The difference between these two percentages would 
indicate that the increased concentration of protein has lowered the re- 
quired concentration of vitamin B. 

However, an alternative explanation is that the casein carries some 
vitamin B, or more vitamin B than the starch it replaced. To test this 
point, a ration was made up containing 35 per cent of corn and 30 per cent 
of extracted casein prepared from milk by the Hammarsten method. This 
casein would be less likely to be contaminated by vitamin B than the tech- 
nical casein (before extraction) used in the other rations. However, this 
ration also showed no evidence of improvement upon being supplemented 
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with vitamin B (see chart 1). It may be concluded with considerable 
assurance, therefore, that the lower critical percentage for corn obtained 
with the high protein rations indicates a decreased need for vitamin B. 

The average daily food consumption in the corn-feeding experiments 
with the high-protein rations was less than that with the low-protein ra- 
tions, but with all rations, whether or not the vitamin B supplement pro- 
moted more rapid growth, the appetites of the rats receiving it (the test 
rats) were markedly better than those of their pair mates (the controls) as 
measured by the numbers of times orts remained in the food cups at the 
end of each day of feeding. These facts are brought out in table 1. 

It will be observed that the average daily food intake on the different 
rations increases up to the ration first shown to be adequate in its content 
of vitamin B, i.e., that containing 35 per cent of corn. For rations con- 
taining more corn there is, unaccountably, a decrease from this peak. 
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Rations containing 18 percent casein: 


50 pet. of wheat 55 pet. of wheat 60 pet. of wheat 


Rations containing 29 or 30 percent casein: 


6 ve. 5 pet. of yeast 8 vs. 6 pet. of yeast 


Rations containing 29 or 30 percent casein: 


9 vs. 7 pet. of yeast 10 vs. 8 pct. of yeast 


Chart 2. Inthe upper row of figures are given the results of paired feeding experi- 
ments designed to determine the effect of supplementing rations containing varying 
percentages of wheat as the sole source of vitamin B (B,) with tikitiki extract. In 
the lower two rows of figures are depicted the results of comparing varying percent- 
ages of dried yeast, which served as the sole source of vitamin B and G. In all cases 
the vertical lines represent differences between pair mates in total gain in weight 
during feeding periods of 2 to 4 weeks. In the case of the wheat experiments, the 
vertical lines above the base line represent differences in gain that favor the rat re- 
ceiving tikifiki extract, and those below the base line represent differences in gain 
favoring the rat receiving the unsupplemented ration. In the yeast experiments, 
the vertical lines above the base line represent differences in gain favoring the rat 
receiving the larger percentage of yeast, and vice versa. The figures given beneath 
each group of data are the mean, M, difference in gain between pair mates, and the 
probability, P, that the mean difference was the result only of the random operation 
of factors common to rats on the rations compared. 
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A sample of wheat, also obtained from the Agronomy Department, was 
next investigated. The sample was ground finely, mixed, air-dried, and 
analyzed. It was found to contain 2.64 per cent water, 12.94 per cent 
crude protein, 2.09 per cent ether extract, 1.84 per cent ash, 2.74 per cent 
crude fiber, and 67.75 per cent nitrogen-free extract. By direct combus- 
tion in a bomb calorimeter, 1 gram produced 4.17 calories on complete 
oxidation. 

The wheat was incorporated into a series of vitamin-B-free rations in 
the same manner as was the corn, using throughout 18 per cent of casein. 
Preliminary tests indicated a higher critical percentage for wheat than for 
corn, testifying to a smaller content of vitamin B. The results of the three 
tests which apparently located this critical percentage are given at the top 
of chart 2. Witha ration containing 50 per cent of wheat as the sole source 
of vitamin B, the rat receiving the vitamin supplement gained more than 
its control in all of seven pairs. The average excess gain of these rats 
amounted to 4.7 grams in three weeks of feeding. The probability that 
this was a fortuitous result is so small, i.e., 0.006, that it may be neglected. 
The ration is evidently deficient in vitamin B for maximum growth. On 
the other hand, rations containing 55 or 60 per cent of wheat showed no 
indication of improvement in growth-promoting value when supplemented 
with the vitamin B concentrate. Hence, the concentration of wheat re- 
quired to furnish enough vitamin B for maximum growth lies somewhere 
between 50 and 55 per cent, as compared with 40 to 45 per cent for corn. 
It may be concluded that this sample of wheat contained less vitamin B 
than the corn sample by approximately one-fifth. 

The average daily intake of food was 7.46 grams for the 50 per cent wheat 
ration, 8.43 grams for the 55 per cent wheat ration, and 8.88 grams for the 
ration containing 60 per cent of wheat. The food refusals in the first 
case numbered 49 for the control rats and 20 for the rats getting the vita- 
min B supplement; for the second ration, the food refusals were 48 and 27, 
respectively ; and for the third ration, 9and 16. The latter test is, by the 
way, the only one in the entire series of experiments indicating a greater 
appetite for the control rats.’ 


1 In studying a ration containing 40 per cent of wheat, the first tests were merely 
suggestive of a vitamin deficiency, the probability with seven pairs of rats that the 
outcome was a chance result being about 0.039. When the tests with rations con- 
taining the higher levels of wheat were completed, the 40 per cent wheat ration, as 
well as a 30 per cent wheat ration, was again studied with results indicating no de- 
ficiency of vitamin B. But, in the meantime, the first sample of wheat had become 
exhausted and a second sample obtained. The obvious interpretation of these later 
results, considering their relation to the first results, is that the second sample of 
wheat was richer in vitamin B than the first sample. However, other disturbing 
factors might have entered to produce this discrepancy and, until further study of 
this question, the author prefers a non-committal attitude. It is interesting to note. 
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In a final series of tests, the attempt was made to determine, by a method 
quite comparable with that used previously, what concentration of yeast 
would furnish an adequate amount of all water-soluble vitamins for maxi- 

mum growth. Rations were made up to contain increasing percentages of 

dried yeast, obtained from the Northwestern Yeast Company. Then, in 

paired-feeding experiments, two rations containing percentages of yeast 

differing by only 1 or 2, were compared, one rat in each pair receiving one 
ration and the other rat the other. The rations all contained 29 or 30 
per cent of extracted casein, 4 per cent of Osborne and Mendel salt mix- 
ture, 8 per cent of filtered butterfat, 2 per cent of cod liver oil, 1 per cent 

of sodium chloride, 10 per cent of purified sucrose, the desired percentage of 
dried yeast, and enough extracted corn starch to make up to 100 per cent. 
If the rations being compared differed in dried yeast by 2 per cent, the 
casein content of the ration containing the larger percentage of yeast was 
lowered from 30 to 29 per cent in order to equalize, at least approximately, 
the protein contents of the two rations. 

In this series of tests the results were not particularly consistent for the 
rations containing the lower percentages of yeasts, a fact due in all prob- 
ability to the multiple nature of the nutritive factors contributed by the 
yeast. The results of four tests on the higher yeast rations are given 
graphically in chart 2. Comparing 5 with 6 per cent of yeast, the outcome 
clearly favors the conclusion that 5 per cent of yeast is inadequate, the 
probability being only 0.011 that the result was a fortuitous one. The 
situation is similar in the case of the comparison of 8 and 6 per cent of yeast, 
but the comparison of 9 and 7 per cent of yeast and of 10 and 8 per cent 
of yeast gave no indication of a superiority of the ration with the greater 
concentration of yeast. It may, therefore, be concluded that 6 per cent 
of yeast furnishes a sufficient concentration of the water-soluble vitamins, 
in the particular ration used, to promote maximum growth in rats. 

In all, eleven comparisons were made of yeast rations, involving sixty 
pairs of rats, and in each case, whether or not the results favored the 
heavier yeast ration, the number of food refusals was larger, indicating « 
less avid appetite, for the rat receiving the smaller concentration of yeast. 
The average daily intakes of food for the four tests included in chart 2 were, 
in order, 7.10, 6.63, 8.70, and 9.70 grams. 


SUMMARY 


The essential features of the method here proposed for the biological 
assay of vitamin B are, first, that in all comparisons made all factors that 


however, that in all of these tests on the lower levels of the second sample of wheat 
the number of food refusals by the control rats exceeded by four or five times the 
number by the rats receiving the vitamin B supplement. Hence, this supplement 
exerted its appetite-stimulating effect even though no evidence of an improvement 


in the growth-promoting value of the ration to which it was added was forthcoming 
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may influence the rate of gain are equalized, except with respect to the 
one variable under study, i.e., the intake of vitamin. In particular, the 
intake of food is controlled on the above principle. While this would seem 
to be an important requirement of a quantitative assay method, it is not 
involved, insofar as the author is aware, in any other method of the kind 
hitherto used. 

Secondly, the vitamin-containing material is tested, not as a definite 
daily intake, but as a percentage of a ration otherwise adequate for maxi- 
mal growth. This procedure recognizes the fact that the effect on the 
growth of an animal of the consumption of a given amount of an indispen- 
sable nutritive factor, as well as the extent of its utilization, depends on the 
proportions of other indispensable factors and of total food energy simul- 
taneously consumed, and it assures a constancy in these proportions during 
any one test. 

Third, the yardstick against which the vitamin concentration of the 
ration is measured is the total vitamin requirement of the animal expressed 
in terms of the smallest concentration in the diet required for maximal 
growth. That is, the vitamin B content of a food material is measured by 
a determination, by the paired-feeding method, of the least percentage of 
it, ina ration complete in other respects but lacking in vitamin B, that will 
produce maximum growth. Among a series of food materials, these 
“critical percentages” will vary inversely as their contents of vitamin B. 
Furthermore, a distinctive feature of this plan is that these percentages, 
applied to the daily amounts of total ration required for maximal growth, 
will give those amounts of food material that contain a day’s requirement 
of vitamin. 

The critical percentages obtained for corn and wheat are, respectively, 
between 40 and 45, and between 50 and 55, indicating a smaller concentra- 
tion of vitamin B in wheat. Some indications were obtained that the 
requirements for vitamin B in a balanced ration become less the greater 
the concentration of protein. This result points to the importance of 
further investigations of such relationships and emphasizes the difficulty 
of making accurate and significant vitamin assays, especially on materials 
containing the vitamin in relatively small concentrations. In the case of 
food materials extremely poor in vitamin B, the extraction of the vitamin 
offers the only hope of obtaining an assay sufficiently accurate to be 
significant. 

In another series of tests it was found that 6 per cent of dried yeast 
of the kind used was sufficient to provide enough of the vitamins included 
in the so-called “‘B complex” for maximum growth in the case of young 
rats. 

An interesting outcome of the tests of 30 rations, involving 230 pairs, 
constituting this investigation relates to appetite. In each pair one rat 
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always received a vitamin B supplement, 3 drops of tikitiki extract, while 
its control mate received none, and in all tests but one (5 pairs) these 
rats exhibited a better appetite than their control mates, whether or not 
greater gains in weight resulted from the consumption of more vitamin B 
This is in agreement with the experience of other laboratories, but it goes 
further in suggesting that the appetite-stimulating effect of vitamin B 
results even when the vitamin B content of a ration already adequate in 
this respect is increased. If this is the case, there is evidently no close 
relation between this effect of the vitamin and the animals’ requirement 
for it, so that the significance of attempts to measure animal requirements 
of vitamin B by methods based upon the amounts of food voluntarily 
consumed is brought into question. 


The author acknowledges with gratitude the assistance of Miss Jessie 
R. Beadles and Mr. Frank Simpson in the carrying out of this investi- 
gation. 
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The principles and the method developed in the preceding paper were 
next adapted to the problem of the determination of vitamin A. 

In preparing the rats for this test attempts were made, at first, to de- 
plete them of vitamin A soon after weaning by maintaining them upon an 
A-deficient diet. But during this depletion period they made consider- 
able growth and often a very uneven growth, so that it was difficult to 
pair them satisfactorily at the termination of the period. Hence, the 
attempt was made to produce young rats possessing at weaning age a 
minimum store of vitamin A. It was found that if the mother rats were 
placed upon a ration containing no known source of vitamin A for two 
weeks before mating and for the entire duration of gestation and lacta- 
tion, they destroyed their young soon after birth. However, if 1 per cent 
of cod liver oil was added to their ration only during the gestation period, 
healthy young were produced and successfully weaned. Subsequent ex- 
perience with rats produced by this routine indicated that they contained 
only minimal stores of vitamin A. 

The experimental rats were weaned at 21 days of age and, for the ma- 
jority, at weights of 25 to 35 grams, though occasionally some rats were 
put on experiment at 20 grams and some at weights as high as 46 grams. 
In pairing the rats, no differences between pair mates of more than 2 
grams were allowed. The animals so selected were placed in individual 
wire cages, equipped with raised, wide-meshed bottoms, through which 
the fecal matter passed. 

The ration used in the preliminary period! contained casein 20 per cent, 

! The first rations used contained powdered egg albumin instead of casein as a 
source of protein. Animals fed on this ration, even though they were given a plenti- 
ful supply of vitamin A, soon suffered loss in weight accompanied by a loss of hair 
and symptoms of a nervous disturbance. These symptoms increased until nervous 
collapse, complete loss of appetite, and blindness occurred, followed by death. 
Large dosages of cod liver oil or fresh butterfat did not correct the trouble. This 
observation seems to be in accord with the observations of other investigators con- 


cerning this protein. 
608 


METHOD AND VITAMIN A ASSAY 609 


PAIRED FEEDING 


the Osborne and Mendel salt mixture (1) 4 per cent, dried yeast 5 per cent, 
sucrose 10 per cent, starch 51 per cent, and glycerol 10 per cent. During 

the gestation period 1 per cent of cod liver oil replaced 1 per cent of glycerol. 

The glycerol was used in these diets instead of a fat to improve the con- 

sistency—in particular to make them less dusty. The casein was prepared 

from Eastman’s technical product, finely ground, by extracting with hot 

95 per cent alcohol according to the method of Sherman and Munsell (2). 

The dried yeast, obtained from the Northwestern Yeast Company, was 

extracted with ether for 48 hours in a continuous extractor in order to 
remove any traces of vitamin A, and was then dried and irradiated for 15 
minutes by means of a mercury vapor quartz lamp in order to activate 
anti-rachitically the residual ergosterol in the yeast. While it is probable 
that not all of the ergosterol was removed by the ether extraction (3), 
the best procedure undoubtedly would have been to add irradiated ergos- 
terol directly to the ration. No treatment of the sucrose or starch was 
considered necessary. 

In testing out the proposed method for the determination of vitamin A, 
butterfat was used, and was incorporated into the above ration in increas- 
ing percentages from 0 to 8 by 0.5 per cent increments. The butterfat 
replaced equal amounts of glycerol. It was obtained from Guernsey cows 
of the University herd during the month of November when the cows were 
being cared for in the barn. The milk was separated while sweet and the 
sweet cream was immediately churned into butter. The butter was 
prepared for the experiment by melting and filtering. It was stored in 
glass-stoppered bottles at a low temperature. 

With each ration at least four pairs of rats were tested. Both animals 
in each pair received the same amount of ration, while one pair mate 
was given, from a medicine dropper each day, one to two drops of cod 
liver oil, and the other an equal amount of a synthetic fat, glyceryl tri- 
laurate, providing essentially the same quantity of energy. The feeding 
experiments lasted six weeks for all pairs on the three lowest levels of 
butterfat, and five weeks for all other pairs. The growth was good in all 
groups, ranging from 2 grams to slightly more than 3 grams daily. 

The most significant data of the experiment are the differences in total 
gain in body weight between pair mates for each ration. These data are 
presented graphically in the chart. For each ration, the differences in 
total gain between pair mates are represented by lines of varying length 
erected on a base line or dropped below it. If the greater gain in a pair 
was shown by the rat that received the cod liver oil supplement, then the 
line representing the difference in gain is erected above the base line, and 
if the reverse was true, the line is extended below the base line. The 
length of the vertical lines measures the size of the difference in gain be- 


tween pair mates. Beneath each group of lines, depicting the outcome 


Fercentages of butterfat in rations. 
Scale 
0 pet. -5 pet. 1.0 pet. 


Chart 1. The effect of supplementing rations containing varying percentages of 
butterfat (as the sole source of vitamin A) with cod liver oil, in paired-feeding ex- 
periments. The vertical lines represent differences between pair mates in total 
gain in body weight during a five or six week feeding period. If erected above the 
horizontal base line, the difference favored the pair mate that received cod liver oil. 
If erected below the base line, the difference favored the pair mate receiving the un- 
supplemented ration. The length of the vertical lines measures the size of the 
difference between pair mates in accordance with the scale given. The figures given 
below each group of data are the mean, M, difference between pair mates, and the 
probability, P, that the difference was the result of the random operation only of 
factors common to rats on the supplemented and on the unsupplemented rations. 
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1.5 pet. 2.0 pet. 
2 
M = +12.5 M = 418.5 M = 415.5 M = +10.7 M=+7.2 
P= .O11 P= .008 P= .013 P= .006 P= .016 
, ; 2.5 pet. 3.0 pet. 3.5 pet. 4.0 pet. 
M = +10.0 M = +12.0 M = +9.0 M = +5.1 
P= .006 P= .016 P= .023 P = ,Oug 
4.5 pet. 5.0 pet. 5.5 pet. 
M = +3.8 M = +0 M = +1.3 
P = .079 
| 6.0 pet. 6.5 pet. 7.0 pet. 
M = +3,2 M=-.8 
P= .15 M = -,12 
7.5 pet. 8.0 pet. 
M = +1.0 M=-.5 
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of the experiment with one ration, are values for the mean difference in 
gain for the group, M, and for the probability, P, that the outcome is a 
result of chance or random factors only, computed according to the prob- 
ability table of “Student” (4). Obviously, the smaller this probability, 
measured on a basis of 1, the more likely it is that the group of differences 
between pair mates obtained for any one ration has been determined, to a 
large extent at least, by the cod liver oil supplement given to one of the 
rats in each pair. According to current practice, we may conclude that 
when P becomes less than 0.03, then it is safe to conclude that the cod liver 
oil supplement has improved the growth-promoting value of the ration. 
Since the rations were all designed to contain adequate amounts of all 
indispensable nutrients except vitamin A, a value of P less than 0.03 
can. be taken as a clear indication that the ration is deficient in vitamin A. 

Turning now to an inspection of the chart, it is clear that, until the 
concentration of butterfat in the ration equals 4.0 per cent, the gains in all 


TABLE 1 
The number of refusals* of food at each level of butterfat among rats on the supple- 


mented (cod liver oil) and unsupplemented rations 


PERCENTAGE OF BUTTERFAT 


5.5 


Number of pairs 
Unsupplemented ration 24 | 14 | 194) 234) 113) 11 | 13 | 164] 13 | 14 17) 10 6 
Supplemented ration 13 | 19 63} 74) 74) 10) 11 9} 8) 14 10 5} 3 1 6 
Difference 11 |-—5 | 20 | 11 | 16 4 2 7 5 0 2; 12 7 7 0 


Average weekly food intake, 


grams 


* When both rats of a pair left food on the same day, each was debited with one-half of a retusal 


pairs of rats were greater on the ration supplemented with cod liver oil 
than on the unsupplemented ration. Even with only four pairs of rats to 
a ration, the probabilities are all so small that there is no doubt that less 
than 4.0 per cent of butterfat supplies an inadequate amount of vitamin A. 
With the ration containing 4.0 per cent of butterfat, one pair out of eight 
gave a result favorable to the unsupplemented ration, and this exceptional 
outcome raised P to a value of 0.048. In this case the result is indecisive. 
although the probability is considerable that the ration is still inadequate 
with respect to vitamin A. For all rations containing more than 4.0 per 
cent of butterfat the results are consistent in affording no evidence of a 
deficiency in vitamin A. The mean differences in gain are as often nega- 
tive (favoring the unsupplemented ration) as positive (favoring the sup- 
plemented ration), and the values of P, where calculated, are so large as to 
indicate that random factors, rather than the difference in vitamin A in- 


0 | 0.5) 1.0) 2.0; 2.5'3.0' 6.0) 6.5) 7. 7.5, 84 
a 52 | 52 | 55 | 45 | 47 | 51 | 58 | 5 49 5 58 54 58 | 48 50 | 5 51 
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take, may well have accounted entirely for the outcome. P has not been 
calculated when M is equal to zero, or is negative, or, in the case of the 
ration containing 7.5 per cent of butterfat, when M, though positive, is 
so small as to be quite obviously insignificant. 

The whole series of results thus presents a clear demonstration that 4.0 
to 4.5 per cent of the butterfat used in this experiment is required in a 
ration to furnish enough vitamin A for maximum growth. 

In these paired-feeding experiments record was kept of the number of 
times each rat in each pair failed to clean up all of its food that was weighed 
out each day. The total number of food refusals gave definite indication 
of the condition of the appetite of the rat and would be inversely correlated 
with it. In table 1 a summary of this information will be found. On 
twelve of the seventeen rations the number of food refusals was greater 
for the rats receiving no cod liver oil, on two of the rations the number was 
the same, and on only three rations, one containing 0.5 per cent of butter, 
another 5.5 per cent, and the other 8.0 per cent, was the number of refusals 
greater for the rats getting the cod liver oil supplement. Taking all of 
the rations up to and including the one containing 4.0 per cent of butterfat, 
there was a total of 159.5 refusals for the rats getting no cod liver oil and 
92.5 for those getting cod liver oil, the former number representing 63.3 
per cent of all refusals of food. On the remaining eight rations containing 
the greater concentrations of butterfat, there were 81 refusals of food by 
rats receiving no vitamin A supplement, and 55 refusals by rats receiving 
cod liver oil. In this case the rats receiving no cod liver oil accounted 
for 59.6 per cent of all of the food refusals noted. It appears, therefore, 
that, regardless of the level of butterfat in the ration, there was a distinct 
tendency for rats receiving cod liver oil to exhibit a better appetite than 
those receiving glyceryl trilaurate. This relation is probably not a result 
of the additional vitamin A that the cod liver oil furnished, since, for the 
seventeen rations tested, the average weekly intake of food was very nearly 
the same for all levels of butterfat (see last row of figures in table 1). The 
alternative conclusion is that some other constituent of cod liver oil than 
its vitamin A acts as an appetite stimulant. 

A possible objection that may be raised against the method of vitamin 
assay described in this paper is that the young rats at the start of the ex- 
periment may have possessed considerable stores of vitamin A in their 
bodies. These stores would have supplemented the amounts of vitamin A 
obtained from the rations and would to that extent have modified or ob- 
scured the true results. The critical percentage of butterfat indicated 
by these experiments, i.e., 4 to 4.5, would, in the assumed case, have no 
definite significance, since rats prepared by the depletion method, for 
example, would really need a greater concentration of vitamin A in their 
ration in order to realize maximum growth. 
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The objection is certainly worthy of investigation and reference to the 
weekly gains of pair mates on different levels of butterfat afford pertinent 
evidence. In table 2 are given, for successive groups of either 4 or 5 
rations and for successive experimental weeks, the number of pairs of rats 
showing greater gains for the rat receiving the vitamin A supplement (A 

and the number of pairs showing greater gains for the rat receiving no such 
supplement (no A). In the ease of equal gains in any week, each rat is 
credited with 0.5. If the stores of vitamin A in the rats had appreciably 
supplemented the rations deficient in this factor, then it would be expected 
that the effect of the cod liver oil supplement on growth would be more 
evident in the later weeks of the test than in the initial weeks. However, 


TABLE 2 


A summary for groups of four or five of the experimental rations of the weekly 
comparisons of the gains of pair mates 


Group 4 


GRovpP 3 


GRovuP I GRouP 2 


0 to 1.5 per cent 2.0 to 4.0 per cent 4.5 to 6 per cent 6.5 to 8.0 per cent 
butterfat butterfat butterfat butterfat 


WEEK 


No At No At A° No At No At 
1 13 3 18 6 17 7 12.5 8.5 
2 13 3 20 4 14.5 9.5 13 8 
3 14 2 18.5 5.5 13 11 10.5 10.5 
4 12 18.5 5.5 14.5 9.5 11.5 8.5 
5 17 


Totals 81.5 14.5 92 28 70 50 53 50 


* In the column headed (A) are given for each week the number of pairs of rats 
showing greater gains for the rat receiving the vitamin A supplement, cod liver oil. 
t In the column headed (no A) are given for each week the number of pairs of rats 
showing greater gains for the rat receiving no vitamin A supplement. 


a study of table 2 reveals no evidence of this sort. If we measure this effect 
by the number of weekly comparisons of the gains in weight of paired rats 
that favored the rat receiving the cod liver oil supplement, combining the 
results of all rations shown to be deficient in vitamin A (containing up to 
4.5 per cent of butterfat), the numbers for successive experimental weeks 
are 31, 33, 32.5, 30.5, and 32. Evidently the favorable effect of the cod 
liver oil was just as marked at the beginning of the experiment as at the end. 
It seems reasonable to conclude, therefore, that the store of vitamin A in 
the bodies of the rats at the beginning of the experiment, if such there 
was, did not appreciably supplement the experimental rations. 

Finally, it may be noted that this investigation represents a compre- 
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hensive study of a method; it is not an illustration of the manner in which 
the method would be used in a routine way. In the latter case, it would 
not be necessary to test so many different levels of butterfat feeding, and 
the desired critical percentage could be determined with much less expendi- 
ture of time and effort. 


SUMMARY 


A method has been developed for measuring the relative contents of 
vitamin A in different materials containing it. The measurement defining 
this content is the minimum percentage of the material in question re- 
quired for maximum growth. The method is an application of paired feed- 
ing, in which both rats of each pair receive the same amount of the same 
basal diet, complete in all respects except vitamin A, which is furnished by a 
definite percentage of the material under test. One rat in each pair re- 
ceives a vitamin A supplement, and if in a number of pairs the rat receiving 
the supplement gains faster than its control then the ration may be said 
to be deficient in vitamin A. The desired critical percentage of test mate- 
rial is found by testing various percentages in this way. The unique ad- 
vantage of the method over all others thus far proposed is that the entire 
food intake of the experimental rats is under complete control, so that all 
comparisons of growth rates are made only between animals receiving the 
same amount of food. Hence, differences in growth can be traced more 


directly to differences in vitamin intake. 

Applying this method to a definite sample of butterfat, prepared from 
milk collected from stall-fed Guernsey cows, it was found 4.0 to 4.5 per 
cent was required to furnish enough vitamin A for maximum growth. 
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About two years ago in this laboratory Hanner and Whipple (1) showed 
that renal phenolsulfonphthalein excretion was increased by 10 to 15 per 

cent in dogs whose liver had been injured by chloroform anesthesia. This 

increase can be accounted for by a proportional diminution in the amount 

of this dye normally excreted in the bile. The present work was under- 
taken with a hope of determining whether similar changes hold true for 
urea clearance. Another interest attaches itself to urea in that it is formed 

solely by the liver. Van Slyke (10), however, has reported many cases of 
hepatic injury but no diminution in the power of the liver to form urea, 
except in the terminal stages of acute yellow atrophy. Moreover, Mann 
(4) has removed 80 per cent of the liver and has found the remaining 20 
per cent perfectly capable of forming the normal amount of urea from 
ingested amino-acid or protein. Evidently the factor of safety for urea 
formation is so great that a small percentage of functioning liver cells can 
maintain urea formation. 

As happens in many experimental studies, side lines of investigation 
suggested by early results turned out to be of more interest than the origi- 
nal problem. After establishing a normal control value, the dogs were 
fasted for two days in preparation for the chloroform anesthesia. It was 
noted that on the first day of fasting the urea clearance fell by about 25 
per cent and an additional 20 per cent on the second day due to a slight 
increase in the blood urea level and a slight decrease in the urine urea 
excreted (table 6). These changes complicated the interpretations of the 
effects of chloroform anesthesia on the liver, hence it was decided to study 
the effects of fasting alone. Although it is realized that the results here 
reported are meagre and fragmentary, they clearly point to diet having a 
significant influence on urea clearance, at least in dogs. Since starting 
this work, a publication of Jolliffe and Smith (3) has appeared, from which 
it is evident that low protein feeding as well as fasting can lower the urea 
clearance by 50 per cent, or more, of the clearance obtained on a high pro- 
tein diet. The work here presented confirms these results and indicates 
that the urea clearance may be even more drastically affected by slightly 
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longer periods of fasting. And since it is realized that many nephritics, 
on whom the test is chiefly of value, either because of anorexia, or advice 
from friends, or sometimes from their physician (possibly because of some 
special indication) are on an inadequate diet at the time the test is run, 
these results on low protein feeding and fasting in dogs would warrant 
further studies using qualitatively and quantitatively inadequate diets. 


TABLE 1 
Urea clearance by 2-hour and 24-hour methods 


Dog 31-138. Normal adult male pointer 


URINE UREA N |MINUTE VOLUME UREA CLEARANCE 
WEIGHT) UREA | 2-hour method 
Ist 2nd Ist 
24-hour 
| hour hour hour hour ist | 2nd Aver- | 
hour hour age 


kgm. mgm. | mgm. | mgm. ‘ 
8.1 | 1139 | 1409 54 
| 14.2 | 1703 | 622 ‘ | 65 
| 9.0); —*| 706 35 
11.5 | 1496 | 356 | 0: 
11.9; 721 —* 
7.8 | 886 | 957 


660 | 390 


969 — - 47 
652 - — — 42 
750 | - 53 
882 36 
852 | - 44 
824 0 — - - | 41 
683 | - 0 50 


A. Daily diet: Salmon bread 400 grams, salmon 75 grams, klim 30 grams, water 
600 cc. 

B. Daily diet: Kennel diet. 

* Sample lost. 

t 150 ec. H.O by stomach tube at time of first catheterization. 


The writer wishes to suggest for consideration a modification of the 
technique of Méller, McIntosh and Van Slyke (5) which has been employed 
by Ralli, Brown and Pariente (7) and Jolliffe and Smith (2) and slightly 
modified by Summerville, Hanzal and Goldblatt (9). These are the only 
reports on the urea clearance in dogs that the author is acquainted with, 
and all attempt to define “normal.” Instead of the usual two urine de- 
terminations at hourly intervals and the single blood determination in the 
mid-period as recommended by Moédller, McIntosh and Van Slyke (5), 


1931 
Nov. 14 | 50 
Nov. 16 | 50 
Nov. 18 35 
A. Nov. 20 49 
i Nov. 21 * | 40 
| Dec. 30 50 
| 1988 
\| Jan. 5 22.6 6.7 0) 65 | «0.67 64 39 51 
May 3 | 22.6 14.4 
May 4 | 22.8 13.7 
May 5 | 23.0. 12.1 
B May 6 | 23.0} 18.0 
May 7 | 23.3 | 13.6 
May 9 | 23.0 | 12.4 
May 11 | 23.4/ 12.1 
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the use of 24-hour-clearances is suggested. The technique used in this 
procedure will be outlined under ‘‘Methods.’’ Although the results are 
less comparable to clinical results than those obtained by the usual 2-hour 
method, it is believed that the modification possesses certain distinct ad- 
vantages. Results obtained by the two methods on the same dog under 
similar conditions are similar (tables 1 and 2). The advantages are three- 


TABLE 2 


Urea clearance by 2-hour and 24-hour methods 


Dog 30-224. Adult female pointer with biliary obstruction* 


URINE UREA N |MINUTE VOLUME UREA CLEARANCE 


BLOOD 
WEIGHT| UREA 2-hour method 
. Ist 2nd Ist 2nd 


24-hour 
hour | hour | hour | hour Ist 2nd 


hour hour age 


1931 mgm mgm. mgm. 
Dec. 17 3.5 | 393 | 376 | 0.65 73 78 76 
Dec. 18 3.6 | 374) 381 | 0.90 93 92 93 
Dec. 19 | 4.5 751 771 | 0 67 79 73 


1932 
Jan. 8 
Jan. 9 
Jan. 


94 
96 


76 


BRE 


Jan. 19 
Jan. 2¢ 19 
Jan. 19.; 
Feb. 


50 
79 
66 
64 


aan o 


* Closed fistula operation performed July 27, 1931. Cultures of bile were re- 
peatedly sterile until October 26th. Jaundice was conspicuous by November 20th 
Kennel diet throughout. 

A. Jaundice marked. Plasma and urine contain bilirubin. Stools fatty. 

B. Jaundice about the same as in A. 

C. Definitely less jaundiced. Stools contain some bile. 


fold: 1, it simplifies the procedure by eliminating one urine determination; 
2, the likelihood of error due to incomplete emptying of the bladder (by 
catheterization in dogs and possibly by incomplete voiding by patients) 
is greatly reduced; 3, the results obtained are more representative of the 
total urea metabolism and the method lends itself to a closer correlation 
with total nitrogen metabolism. It is easily applicable to hospital pa- 
tients and might be adapted to ambulatory patients. More extensive use 
of the 24-hour clearance is necessary to determine the relative merits of the 
two methods. 


Ce 
1e 
2. 
it 
DATE 
38 432 0 
B 18.9 3.8 438 0 
186 38 361 0 
5.6 | 495 0 
4.8) 495 0 
4.4) 558 0 
4.4| 552 0 
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Metuops. Four adult dogs were studied. Two were normal healthy 
dogs, one male and one female. The third was a male Eck fistula and 
the fourth was a female bile fistula dog (closed sterile fistula made accord- 
ing to Rous and MeMaster, 8) which had become infected and the biliary 
passages obstructed. All dogs were kept in clean metabolism cages on 
diets specified in the tables. The diets were sufficient to maintain body 
weight and only during periods of fasting did the dogs show any devia- 
tion from their usual weight. None of the dogs developed diarrhea at 
any time during the experiments and it is believed that the error due to 
possible fecal contamination is negligible. Water was in the cage at all 
times. When the usual 2-hour test was run, the dog was catheterized 
three times at hourly intervals, the first catheterization being discarded 
and urea determinations run on each of the two hourly samples by the 
gasometric method of Van Slyke (10). The blood sample was taken at 
the end of the first hour and its urea content determined by the same 
method. Ina sequence of several days observation with the 24-hour clear- 
ance, only one daily catheterization was necessary and the urine obtained 
by it added to that in the bottle beneath the metabolism cage. Five 
cubic centimeters of toluol were used as a preservative. Ten to fifteen 
cubic centimeters of blood were drawn from the external jugular vein and 
collected in a bottle containing 0.2 gram dry sodium oxalate. The exact 
time of the completion of catheterization was recorded and the minute 
volume calculated from the total volume and the time of catheter- 
ization of the previousday. All samples by both methods were taken in 
the morning between 15 and 18 hours after the last ingestion of food. 
During periods of fasting the conditions were identical except for omission 
of the diet. 

The question of how to figure the urea clearance in dogs is still in an 
unsettled state. Jolliffe and Smith (2) have found an augmentation limit 
of 0.40 ce. per minute. With minute volumes below this figure they 
Uvv 

B 
Summerville, Hanzal and Goldblatt from a study of a larger number of dogs 
place the augmentation limit at 0.42 cc. and use the formula C = 
ib a YY for minute volumes below the augmentation limit. With 
the limited number of dogs studied, the author does not feel justified in 
evaluating the merits of the two formulae. Moreover, the 24-hour urine 
output of the dogs studied has usually exceeded 600 cc. which has kept the 
minute volume above the augmentation limit, hence the question has not 
been very troublesome. It is well known, however, that all dogs are not 
so mathematically considerate in their excretion of urine; and on occasion, 
as can be seen from the tables, the urine output dropped below 0.42 ce. 


recommend the formula of Van Slyke for standard clearance, C = 
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Under such conditions, values obtained by the formula of Summerville, 
Hanzal, and Goldblatt fit in better with the remainder of the data based 


\ 
on maximum clearance B ) In the subsequent tables the ‘‘clearance 


formulae of Summerville, Hanzal, and Goldblatt have been used. 
EXPERIMENTAL OBSERVATIONS. Tables 1 and 2 show the correlation 
between values obtained by the 2-hour and 24-hour methods. Unfor- 
tunately no determinations were made by the two methods on the same 
dog on the same day, but even under the slightly different conditions, out- 
lined in the tables, the values obtained by the two methods are comparable. 


TABLE 3 


Urea clearance following administration of 1 gram urea and 15 cc. water per kilo 
by stomach tube 


Dog 31-138. Normal adult male pointer. Weight 23 kgm. 


TIME OF COLLECTING | COMPLETION OF AMOUNT CATHETERIZED UREA UREA MINUTE CLEAR- 
BLOOD SAMPLES CATHETERIZA- AND TIME INTERVAL N VOLUME 


TION 


mgm mgm 


100 ce 


May 19, 1932 


10:17 a.m.* 10:24a.m. | 305cc. in 74 min. 68 489 4.12 30 
11:16 a.m. 11:20 a.m. 118 cc. in 52 min. 62 969 2.27 35 
12:35 p.m. 12:41 p.m. 86 cc. in 79 min. 53 1228 1.09 25 
2:15 p.m. 2:21 p.m. 102 ee. in 106 min. 45 1503 0.96 32 
4:27 p.m. 4:32 p.m. 43 ec. in 131 min. 48 2332 | 0.34 18 
6:25 p.m. 6:30 p.m. | 102 ce. in 118 min. 27 2489 0.86 79 
8:47 p.m. 8:50 p.m. 59 ec. in 137 min. 20 2671 , 0.43 57 
May 20, 1932 


8:55 a.m. 9:02 a.m. 175 ec. in 728 min. 12 2426 0 25 73 


* Dog catheterized at 9:10 a.m. May 19 and urine discarded. At 9:15 a.m. 23 
grams urea in 345 cc. water given by stomach tube. 
Daily diet: 400 grams salmon bread with 500 cc. water. 


It is also interesting to note that even under these rigid conditions of 
diet, activity and mode of collection of samples, a variation from 36 
to 53 in the clearances is still encountered. A limited number of attempts 
to control this variation by withholding water and by giving water by 
stomach tube has not lessened this variation to any considerable degree. 
Furthermore attempts at administration of urea and water by stomach 
tube also have yielded variable results as is shown by table 3. 

The low blood urea levels observed in table 2 may be related to the 
biliary obstruction which during the initial period of observation was pro- 
gressing and subsequently cleared up entirely. At autopsy performed on 
August 30, 1932, by which time all signs of obstruction had disappeared, 
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it was found that the common bile duct had become reconnected with th« 
duodenum by means of a fistulous tract. This new duct was of sufficient 
caliber to allow adequate drainage of bile. These low blood urea levels 
are no doubt responsible for the higher clearances observed in this dog 
The 24-hour tests show even higher but comparable values. More exten- 
sive use of the 24-hour clearance may show this to be the rule, as might be 


TABLE 4 
Urea clearance at three periods in an Eck fistula dog* 


Dog 30-227. Adult male mongrel 


URINE UREA N |MINUTE VOLUME UREA CLEARANCE 


} BLOOD 
|WEIGHT| UREA 2-hour method 
| N Ist 2nd 2nd 


24-hour 
hour hour hour Ist 2nd 


Aver- 
hour hour age 


kgm. mgm mgm mgm 
Oct. 14 16.5; 9.1 320 | 389 30 21 25 
Oct. 19 16.2 | 11.8 194 | 475 


Nov. 10 | 16 4.8 738 
Nov. ll | 16. 6.8 602 
Nov. 12 | 16 5.4 820 


1932 
Feb. ‘ 19 8 | 391 § 86 
Feb. 3 635 86 
Feb. 5.4 501 63 
Feb. ! 19 3.5 | 361 0.6 70 


* Eck fistula operation on June 8, 1931. Condition good until latter part of Aug- 
ust when first signs of intoxication were noted. Throughout September and part 
of October dog was getting sugar by stomach tube and intravenous glucose (usually 
50 gm. in 200 cc. H,O 1-2 times daily). On March 27, 1932, dog severely intoxicated 
and moribund; killed with ether. 

A. Daily diet: Salmon bread 250 grams, kennel diet 100 grams, klim 50 grams, 
water 350 cc. Condition: Not eating well, losing weight; getting sugar by vein. 

B. Daily diet: Same as A. Condition: Definitely worse, dog unsteady and 
“‘dopey’’—drooling saliva—no sugar for 2 days nor during 3-day period. 

C. Daily diet: Kennel diet. Condition: Good—eating well—back to pre-opera- 
tive weight. 


expected from the fact that the 24-hour urine sample contains the urea 
excreted following the ingestion of food. Be this as it may, as the jaun- 
dice cleared up, the blood urea rose slightly with a consequent reduction 
in the urea clearance. 

Low blood urea levels were also observed in another dog 48 and 72 
hours following chloroform injury (table 6) and in an Eck fistula dog about 


} | 

A 

574 | 0.30 | 0.43 | 55 52 54 

B 627 | 0.20 0.74 26 68 47 

997 0.40 | 0.22 63 56 60 
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six weeks prior to death (table 4). The severe central necrosis which was 
almost certainly present in the case of chloroform injury probably explains 
the low blood urea values in this dog. The time at which the low blood 
urea values were observed corresponds exactly with the time of expected 
maximum liver damage. In the case of the Eck fistula, it is the belief of 
the writer that the disturbed physiology is the chief factor in the production 
of the low blood urea levels. It is well known that Eck fistula dogs may 
go into a state of intoxication associated with loss of weight, drowsiness, 
anorhexia, and general poor health which proves fatal if high carbohydrate 
That some noxious agent associated with the state of 


diet is not given. 
The fact that the blood 


intoxication may play a réle must be admitted. 
urea level remained low during period C (table 4) when there were no 
clinical signs of intoxication would indicate that this hypothetical noxious 
agent is of minor importance. Subsequent histological examination of the 
liver showed a moderate degree of fatty degeneration and islets of Kiipfer 
cells filled with golden brown pigment. In general the hepatic cells ap- 
pear relatively normal. It is noteworthy that the blood urea level in 
this Eck fistula dog was lower at each successive chronological period. 

These low blood urea levels in dogs with liver injury are not in strict 
accord with observations on man. Witts (1) by feeding 25 to 50 grams 
glycine to nine proved cases of liver disease after 14 hours’ fasting and de- 
termining the blood urea level 4 and 6 hours later finds definite defective 
urea formation in two cases (portal cirrhosis and metastatic melanoma) 
and slightly defective urea formation in three (catarrhal jaundice, Hanot’s 
cirrhosis, and Banti’s disease). The original blood urea levels of these 
cases were within normal limits and in other similar cases urea formation 
was normal. Moreover, subnormal increases in blood urea were found in 
conditions in which there was no liver disease. The author concludes that 
“urea formation is oné of the last functions to fail in hepatic disease,” 
and that “tests based on the changes in amino-nitrogen or urea in the 
blood after the injection of proteins or amino-acids are of no value in the 
diagnosis of hepatic disease.’’ It is possible that the ability of the liver to 
form urea is more labile in dogs than in man; but observations on dogs 
are usually more complete than in man. 

The effect of fasting on urea clearance is shown in tables 5 and 6. It 
will be observed that in each instance the clearance dropped to about 10 
per cent of the normal control value. In both instances the fall in the 
clearance value was due to an appreciable elevation of the blood urea and 
a slight diminution in the amount of urea excreted. It is also interesting 
to note that on the first date the diet is resumed the blood urea drops to 
normal and the urine urea rises with a consequent return of the urea clear- 
ance to approximately normal. Deprivation of food for a single day after 
2 days’ feeding caused the clearance to drop to about 50 per cent of its 
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TABLE 5 
Effect of fasting on urea clearance in dog 


Dog 31-250. Normal adult female beagle 


UREA 
| BLOOD | URINE | yinurg | CLEAR- 

WEIGHT | UREA | UREA | owe | ANCE REMARKS 
| N | N ' 24-HOUR 


| METHOD 


| mgm./ | mgm./ 
| 100 ce, 100 ce. | 


1982 


Feb. 10 
Feb. 12 
Feb. 16 
Feb. 
Feb. 
Feb. | 
Feb. | 
Feb. 
Feb. 


s 
3 


Average of control period 26.0 


2 days fast 
9 days fast 
10 days fast. Fed today in p.m. 


No water in cage 
No food on 28th 


ow 
© 


Kennel diet. 


TABLE 6 
Effect of fasting on urea clearance in dog 


Dog 31-138. Normal adult male pointer 


| UREA 
| BLOOD | URINE CLEAR- 
| MINUT 
WEIGHT UREA UREA ANCE REMARKS 
| N 24-HOUR 


METHOD 


| mgm./ | mgm./ | 
100 cc. 100 cc 


435 0.97 | 56.3 
528 | 1.0 61.4 | Average of control period 61.2 
1033 5 66.2 


No food today 
47. No food today 
37 1 hr. chloroform anesthesia. 


Fed today in p.m. 


568 
502 
274 


oo 


Apparently back to normal 
22. No food for 2 days 
7.3 | 9 days’ fast. Fed today in p.m. 
67.5 
84.8 
3 


23 


AN 


No food on 28th 


* Plasma definitely jaundiced. Urine contains 15 mgm. bilirubin per 100 cc. 
Daily diet: White bread 500 grams, klim 50 grams, salmon 75 grams, water 500 cc. 
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|= 
| 5.7] 0.48) 26 
394, 0.49) 30 
| 7.2] 331) 0.46/ 21 
8.2 172 | 0.48; 10 
| 1.3 199 | 0.20 5 
6.7 273 0.48 19 
11.6 1036 0.13 20.8 P| 
9.1 377 | 0.18] 11.6 
1988 on. 
Jan. 28 | 22.7| 7.5 
Jan. 29 22.9) 9.2 
Jan. 30 | 22.9| 8.0 
Jan. 31 
Feb. 2 65 
Feb. 3 38.0 
Feb. 4 13 98.1 
Feb. 5 32 67.6 
Feb. 8 71 | 41.4 
Feb. 9 79 55.8 
Feb. 12 81 
Feb. 18 34 
Feb. 26 26 
Feb. 27 66 
Feb. 28 .78 
Feb. 29 21 
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control level. Deprivation of H.O for one day (table 5) raised both blood 
and urine levels but so reduced the urine volume that the ‘‘clearance”’ 
was approximately normal. It would appear that food intake is more 
important in determining urea clearance than is fluid intake. 

Discussion. The urea clearance in dogs regardless of how it is defined, 
i.e., Whether maximum clearance, ‘‘clearance’”’ or standard clearance, 
seems to be a very labile function, much more so than in humans according 
to the observations of Peters and Van Slyke (6). Individual variation, 
normal variation in any given dog, diurnal variation, liver injury, fluid 
intake, kidney disease, ingestion of urea, and particularly diet, all have an 
important bearing on this function. In view of all these fluctuations it is 
surprising that the final results under normal conditions remain as con- 
stant as they do. The results here reported and referred to emphasize the 
importance of controlling these many variables. 


SUMMARY 


A modification of the method of Méller, McIntosh and Van Slyke, using 
24-hour clearances instead of the usual 2-hour tests, is suggested. 

Data are presented which indicate that fasting may reduce the urea 
clearance to 25 per cent or less. 

Isolated observations on dogs with the Eck fistula with biliary obstruc- 
tion and with liver injury due to chloroform anesthesia, are presented. 


In each instance low blood urea levels were observed at the time of greatest 
liver injury. This is reflected in a modest rise of urea clearance above 
the control levels. 


The writer is indebted to Dr. D. D. Van Slyke and Dr. G. H. Whipple for helpful 
advice, and to Dr. W. B. Hawkins for the Eck and bile fistula dogs. 
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Experimental hyperthyroidism has been shown to have an accelerative 
effect on the gastric motor mechanism of higher animals. Perussi and Ro- 
zen (1) report an increase in the height of gastric hunger contractions in 
the dog during experimental hyperthyroidism. Kratnikoff (2) reports 
positive results (increase in height of hunger contractions) in four dogs and 
negative results in two others during induced hyperthyroidism. Fetter 
and Carlson (3) report an increase in the activity of the empty stomach 
as shown by the type and height of the contractions in a series of hyper- 
thyroid dogs. They also report a decrease in the emptying time of the 
stomach as shown by the passage of a barium meal. 

The following experiment was undertaken to see if the bull-frog (Rana 
satesbiana) would show a similar response to excess thyroid hormone. 

EXPERIMENTAL PROCEDURE. Adult bull-frogs (Rana catesbiana), better 
known on the market as “jumbo frogs,’’ were selected. Seven animals 
ranging in weight from 300 to 720 grams were used throughout the experi- 
ment which lasted over a period of four months. 

The animals were fed once a week on 10 grams of chopped beef liver. On 
this diet they maintained their normal weight during the control period. 
They were kept in screen topped tanks in fresh water at a relatively con- 
stant temperature (23°C. to 26°C.). The general condition of the animals 
was carefully watched and daily weight records taken and graphed. 

The activity of the empty stomach was studied by the balloon method 
as described by Patterson (4). A stomastomy was made in the floor be- 
tween the ramus of the inferior maxillary and the exterior coronary of the 
hyoid bone through the skin, the mylohyoid muscle and the mucous mem- 
brane of the throat. This simple operation, which is practically bloodless, 
was performed under ether anesthesia. The incision healed in four or five 
days, and the animal was ready for experimentation. 

The animal was kept in a darkened vessel lined with moistened filter 
paper at a constant temperature of 24°C. while recording the hunger con- 


1 Aided by the Biological Fund of the Rockefeller Foundation. 
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tractions. With this arrangement the animal remained perfectly quiet for 
long periods of time. A small condom balloon was inserted through the 
stomastomy and short esophagus into the stomach. It was blown up and 
deflated several times to insure its proper adjustment in the stomach, and 
then inflated until the water manometer showed a pressure of 10cm. The 
same initial pressure was used in each experiment. 

A control period of six weeks was run on each animal. Due to the slow 
emptying time of the frog’s stomach, daily records were not begun until 60 
hours after feeding. After the control period, the frogs were divided into 
two groups, three (nos. 1, 2,and3) kept as controls, and four (nos. 4, 5, 6,7, 
and 8) started on desiccated thyroid feeding. Armour’s desiccated thyroid 
was given in gelatin capsules, in amounts varying from 0.15 gram to 1.40 
grams per kgm. of body weight per day. 

Resutts. 1. Gastric contractions. In the seven animals observed, the 
hunger contractions during the control period did not differ from the normal 
for Amphibia as described by Patterson. There is only one type of con- 


Fig. 1. Record of hunger contractions of frog 5. A, normal hunger contractions, 


five days after feeding. B, hunger contractions of hyperthyroid frog, 6 days after 


feeding. Note increase in height of contraction in B. 


traction, showing an abrupt contraction phase and a slow relaxation phase 
lasting until the next contraction (fig. 1, A). The curve is smooth showing 
no superimposed waves. There are no tonus changes even in prolonged 
fasting (16 days), and none of the periodicity observed in mammals. Rate 
of contraction varies somewhat, the average contraction lasting about 13 
minutes. 

During the experimental period all animals given desiccated thyroid 
showed an increase in the height of gastric hunger contractions (fig. 1, B). 
No constant increase or decrease of gastric tone was observed, though in 
two of the animals a tendency toward lowered tone was noted. In animals 
4 and 7 periods of mild gastric tetany and increased rate were observed. 
These changes were constant for animal 7 during the entire period of thy- 
roid feeding. 

2. Weight changes. Frogs 1 and 3 used as controls during the entire ex- 
periment showed a spontaneous weight loss of 9 per cent and 7.9 per cent, 
respectively, during the four months. 
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Frog 2 was used as the third control from February 21 to May 7 and 
showed a weight gain of 1.1 per cent during that time. He was then put 
on desiccated thyroid beginning with 0.1 gram per day and this was grad- 
ually increased to 0.5 gram per day. During this period (40 days) he 
showed a weight loss of 11.6 per cent. 

Frog 5 showed a weight loss of 0.6 per cent during the control period and 
died May 12, after 35 days of thyroid feeding, showing a weight loss of 10.9 
percent. Hyperthyroidism was the only apparent cause of death. 

Frog 6 showed a spontaneous weight loss of 2.5 per cent during the con- 
trol period and died May 6, after 30 days of thyroid feeding, showing a 
weight loss of 7.8 percent. Death was due to injuries to foot received in 
the tank. 

Frog 7 showed a spontaneous weight loss of 0.9 per cent during the con- 
trol period and a weight loss of 20.7 per cent during 90 days of thyroid 
feeding. 

Frog 4 showed a spontaneous weight loss of 0.6 per cent during the con- 
trol period and a further loss of 16.9 per cent during 90 days of thyroid 
feeding. 

Autopsies showed normal viscera. 

Discussion. We seem justified in concluding from the foregoing results 
that the gastric motor mechanism of the bull-frog shows a response to ex- 
cess thyroid hormone resembling that observed inthe dog. All the animals 
in the experiments here reported showed augmentation of hunger contrac- 
tions on desiccated thyroid feeding and intervals of irregular contractions 
suggesting an incomplete tetanus. 

The weight loss in the frogs during the hyperthyroid period was much 
greater than that observed in these animals during the control period and 
that observed in the control animals at any time. These results agree with 
those found for mammals. That this was not due to starvation is evident 
since the diet which was sufficient to maintain normal weight during the 
control period was continued throughout the experimental period. It is not 
clear whether this loss was entirely due to increased elimination of water, 
one of the factors in weight loss during hyperthyroidism, or whether it was 
partly due to tissue destruction. We know that the latter is true in mam- 
mals as is shown by the increased basal metabolic rate and nitrogenous 
excretion. In line with these, therefore, we would expect an increased 
basal metabolic rate, as well as increased water elimination in the bull-frog 
during hyperthyroidism. 

Previous work, however, on basal metabolism in the frog during hyper- 
and hypo-thyroidism is contradictory. Gayda (5) reports a fall in basal 
metabolic rate of 14 to 28 per cent in winter frogs and 31 to 40 per cent in 
summer frogs following thyroidectomy. But he also states that the basal 
metabolic rate in normal and thyroidectomized animals is unaffected by 
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injections of thyroidin or feeding of fresh thyroid. Henschel and Steuber 
(6) studying the effect of injections of thyroxin and oral administration of 
thyreoidin report no rise in basal metabolic rate. They also report nega- 
tive results following thyroidectomy. The weight loss which they noted 
they attributed to starvation. They conclude that this absence of response 
to thyroid hormone in adult frogs is due to some fundamental difference in 
their tissues as compared with those of mammals. Krogh (7) reports an 
increase in basal metabolic rate in frogs on thyroid feeding. 

From such conflicting reports it is evident that further work is needed to 
establish the facts regarding basal metabolic changes during hyperthyroid- 
ism in frogs and determine whether weight changes are due to water elim- 
ination or tissue destruction. 


SUMMARY 


1. A marked loss in weight (7.8 per cent to 20.7 per cent) in adult bull- 
frogs (Rana catesbiana) occurred on daily doses of desiccated thyroid vary- 
ing from 0.15 gram to 1.0 gram per kgm. of body weight. 

2. An increase in height of gastric hunger contractions and occasional pe- 
riods of incomplete gastric tetanus were observed during the period of thy- 
roid feeding. 

3. No constant effect of hyperthyroidism on gastric tonus and rate of 
gastric contraction was observed. 


The writer is indebted to Dr. A. J. Carlson under whose direction this 
work was conducted, and to Dr. Mary E. Collett in whose laboratory it 
was completed. 
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Dehydration has been intensively studied both clinically (Marriott, 
1920, 1923) and experimentally (Keith, 1924). Great emphasis has been 
placed on the changes in the constituents of the blood and the tissues of the 
body produced by dehydration, and the results upon the organism as a 
whole have been explained by these changes. The possibility of affecting 
the organism as a whole through nervous or humoral mechanisms has not 
been considered. A reduced blood volume has been found to result from 
dehydration (Keith, 1924). Since reduction of the blood volume by 
hemorrhage activates the sympathetic nervous system (Pilcher and Soll- 
man, 1914; Tournade and Chabrol, 1925), it seemed possible that reduction 
of blood volume by dehydration would likewise cause an increase in sym- 
pathico-adrenal activity. 

Meruops. Acute dehydration was produced by diuresis as Balear, 
Sansum and Woodyatt (1919) first suggested, and the changes in the func- 
tioning of the sympathetic system were determined by variations in adrenal 
secretion. Cats were used throughout. They were anesthetized with dial 
“Ciba,” 0.9 ce. per kgm., given by stomach tube. By means of an elec- 
tric heating pad the rectal temperature was maintained close to 38°C. A 
tracheal cannula was inserted and both vagi were cut. Records of blood 
pressure and heart rate were usually taken from the right carotid artery by 
means of a membrane manometer. All solutions were injected into the 
right external jugular vein by a constant-injection apparatus (Freeman, 
1933). The diuresis to induce dehydration was caused by intravenous in- 
jection of 50 per cent sucrose, 50 per cent glucose or 10 per cent sodium 
chloride solutions made up in distilled water. No aseptic precautions were 
taken, but the rubber tubing was treated as advocated by Stokes and Bus- 
mann (1920) to free it from toxic products. The sucrose and glucose solu- 
tions were injected at the rate of approximately 6 grams per kgm. per hour 
for two hours. The process of dehydration was allowed to continue for 
two hours after concluding the injection of the concentrated solutions. 
Sodium chloride, 0.9 per cent, was then injected intravenously, equivalent to 

! Medical Fellow of the National Research Council. 
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the amount of fluid lost during the diuresis. The urine for the entire period 
was collected by a catheter inserted into the bladder. Determinations of 
the blood volume were made just before dehydration, at the end of the 
dehydration period, and immediately after the rehydration with 0.9 per 
cent sodium chloride had been completed. The plasma-dye blood-volume 
method of Keith, Rowntree and Geraghty (1915) was used as modified by 
Freeman (1933). The rate of the denervated heart (in 9 experiments) and 
the contraction of the denervated nictitating membrane furnished the indi- 
cator for adrenal secretion. The heart was denervated at a previous asep- 
tic operation (Cannon, Lewis and Britton, 1926) in 7 experiments, and the 
acutely denervated heart (Cannon and Britton, 1925) was used in 2 experi- 
ments. The nictitating membrane was denervated by the aseptic removal 
of the superior cervical ganglion. A week was allowed to elapse to insure 
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Fig. 1. The effect of dehydration on the blood volume and on the rate of the dener- 
vated heart in a cat with the adrenals innervated. Dial anesthesia. At arrow A, 
the injection of 50 per cent sucrose was terminated. At arrow B, the injection of 0.9 
per cent sodium chloride was started. In this, as in the following figures, H. R. 
indicates heart rate, B. P. indicates blood pressure, B. V., P. V. and C. V. indicate 


blood, plasma and cell volumes. 


sensitization (Rosenblueth and Cannon, 1931). Two control experiments 
were performed on cats which had recovered from the denervation of the 
left adrenal, removal of the right and section of the nerves on the hepatic 
artery. One of these cats had had the heart denervated previously while 
the other had its heart denervated in the acute experiment. 

Resutts. Figure 1 represents parts of the original record taken with a 
tambour pressing against the chest wall; it shows the effect of dehydration 
on the rate of the denervated heart when the adrenals are normally in- 
nervated. Fifty per cent sucrose was injected for two hours at the rate 
of 6.9 grams per kgm. per hour, the injection being stopped at arrow A, just 
after the record taken at 4:07. The heart rate was 144 at the end of the 
injection. The second section of the record was taken at 6:15 at the end 
of the dehydration period, after a diuresis resulting in the loss of 6.4 per 
cent of the body weight. The heart rate had risen to 180, an increase of 36 
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beats per minute. At arrow B, 0.9 per cent sodium chloride was injected 


intravenously until 8:50. The third section of the record was taken 35 
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Fig. 2. The effect of dehydration on the blood volume and on the rate of the dener- 
vated heart in a cat with the adrenals inactivated. Dial anesthesia. At arrow A, 
the injection of 50 per cent sucrose was terminated. At arrow B, the injection of 0.9 
per cent sodium chloride was started. 
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Fig. 3. The effect of dehydration on the rate of the denervated heart over the en- 
tire period of the experiments sampled in figures 1 and 2; solid line A, adrenals nor- 
mally innervated, broken line B, adrenals inactivated. 


minutes after the conclusion of the period of rehydration. The heart rate 
was 152, a decrease of 28 beats per minute. Comparable results were ob- 
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tained in each of the 7 experiments in which the adrenals were innervated. 
The average fluid loss by the diuresis was 4.2 per cent of the body weight. 
The blood-volume determinations showed a decrease of 11.9 per cent as a 
result of the dehydration, the plasma decreasing 26.4 per cent while the cell 
volume increased 11.4 per cent. The average decrease in blood volume in 
4 experiments was 16 per cent, the loss in plasma averaging 24.8 per cent. 
After rehydration, the plasma volume increased 10.7 per cent but the cell 
volume decreased 12.4 per cent, so that practically no change occurred in 
the blood volume. 


Niclilating 
Membrane 
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Fig. 4. The effect of dehydration on the contraction of the nictitating membrane in 
acat. Dial anesthesia. At arrow A, the injection of 50 per cent sucrose was termi- 
nated. At arrow B, the injection of 0.9 per cent sodium chloride was started. 


Figure 2 represents parts of the original blood-pressure record showing 
the effect of dehydration on the rate of the denervated heart with the adren- 
als inactivated. Fifty per cent sucrose was injected for two hours at the 
rate of 5.9 grams per kgm. per hour, the injection being stopped at arrow A, 
just after the record taken at 1:54. The heart rate was 138 at the end of 
the injection. The second section of the record, taken at 3:58, was at the 
end of the dehydration period after a diuresis resulting in the loss of 4 per 
cent of the body weight. The heart rate was 134, showing practically no 
change. At arrow B, 0.9 per cent sodium chloride was injected intrave- 
nously until 5:35. The third section of the record, taken at 5:40, registered 
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a heart rate of 138, a negligible increase of only 4 beats per minute. The 
blood volume was decreased 6.9 per cent as a result of the dehydration, the 
plasma dropping only 3.6 per cent while the cell volume fell 13.1 per cent. 
Similar results were obtained in the second control experiment in which 
the adrenals were inactivated. 

The heart rates recorded in figures 1 and 2 are compared on the same 
chart (see fig. 3) over the entire experimental period. The increase in the 
rate of the denervated heart, resulting from the dehydration when the 
adrenals are innervated (solid line, curve A), is compared with the failure 
of the denervated heart to increase in rate (broken line, curve B) when the 
adrenals are inactivated. The slight rise in curve B during the injection of 
0.9 per cent sodium chloride was associated with a rise in temperature from 
37 to 38.2°C, 

In figure 4 are reproduced sections of the original record of the contrac- 
tion of the denervated nictitating membrane resulting from dehydration, 
and the relaxation following rehydration. Fifty per cent sucrose was in- 
jected for two hours at the rate of 6.8 grams per kgm. per hour, the injection 
being stopped at arrow A, just after the record taken at 2:22. The second 
section of the record was taken at 3:14, at the end of the dehydration period, 
after a diuresis which caused the loss of 3.6 per cent of the body weight. 
There was a definite contraction of the nictitating membrane. Following 
the injection of 0.9 per cent sodium chloride, which was started at the time 
indicated by arrow B, the membrane relaxed to the level shown in the third 
section of the record, taken at 3:56. The relaxation was maintained at 
this level during the next thirty minutes. 

Discussion. The increase in the rate of the denervated heart resulting 
from dehydration (see figs. 1 and 3-A) indicates increased adrenal secretion, 
since it does not occur if the adrenals have been inactivated (see figs. 2 and 
3-B). Aslight rise in temperature of from 1 to 2°C. was found by Keith 
and Whelan (1926) to accompany dehydration by diuresis in unanesthetized 
dogs. Even such an increase was absent in the experiments here reported, 
presumably because of the anesthesia employed. The variations in temper- 
ature, therefore, were not of sufficient magnitude to account for the in- 
crease. The dehydration itself does not account for the faster rate, because 
no acceleration occurs if the adrenals are inactivated. A slowing of the 
conduction time in the heart was shown by McCulloch (1920) to take place 
in dehydrated children. The direct effect of dehydration on the heart is 
therefore in opposition to the increase in rate which has here been shown. 
The contraction of the nictitating membrane is additional evidence in 
support of the view that dehydration stimulates adrenal secretion. The 
prompt fall in the rate of the denervated heart and the prompt relaxation 
of the nictitating membrane on the injection of 0.9 per cent sodium chloride 
solution is definite evidence that dehydration is the only factor which has 
caused the increase in adrenal secretion. 
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The reduction in blood volume in these experiments (see figs. 1 and 2 
is comparable to that found by Keith (1924) in his experiments on dehy- 

dration produced by similar methods. We first thought that the reduc- 

tion of blood volume was the sole stimulus for adrenal secretion, since 

Tournade and Chabrol (1925) demonstrated that a reduction pro- 

duced by hemorrhage causes a discharge of adrenin. After rehydration, 

however, the blood volume was still reduced (see fig. 1, 9:00) while the 

adrenal secretion had returned almost to its former level. During the de- 

hydration probably another factor was at work. Asphyxia is known to 

increase the output of adrenin, and it may have been operative to some 

degree because of a slow blood flow. An increase of 95 per cent in the vis- 
cosity of the blood has been found to occur with a dehydration compar- 

able to that obtained in these experiments (Keith, 1924). The hematocrit 

determinations (see fig. 1) change from 38.4 per cent before to 48.5 per cent 

after dehydration. With blood concentration the viscosity increases 
(Trevan, 1918) and the rate of flow is reduced. In dehydrated infants 
Utheim (1922) has found a diminished blood flow. The lowered-oxygen 
content of venous blood in experimental dehydration (Keith, 1924) may 
signify partial asphyxia from deficient circulation. It seems probable 
that increased output of adrenin in dehydration is largely attributable to 
partial asphyxia. With rehydration (see fig. 1) the hematocrit readings 
fall to 42.8 per cent, the viscosity is lowered and the asphyxial stimulation 
of the adrenals is at an end. It is of interest to note that an increase of 
blood flow following the injection of physiological saline in dehydrated 
infants has been demonstrated by Utheim (1922). 

The increase of 11.4 per cent in the total volume of corpuscles with dehy- 
dration (see fig. 1) was confirmed in three other experiments on animals 
having the adrenals innervated. The hypertonic sucrose solution would 
cause a decrease in the size of the corpuscles. The increase observed is 
therefore in opposition to the expected result. The spleen has been proved 
to be a reservoir for red blood corpuscles (Barcroft, 1925). Stimulation of 
the sympathico-adrenal system causes a contraction of the spleen and a dis- 
charge of corpuscles into the circulating blood. Since dehydration in- 
creases adrenal secretion (see figs. 1, 3-A and 4), the rise in the total volume 
of cells can be explained as due to contraction of the spleen, resulting from 
sympathico-adrenal stimulation. In both experiments in which the 

adrenals were denervated, such an increase in total volume of cells failed to 
occur. Inthe experiment shown in figure 2 there was an actual decrease of 
13.1 percent. When the adrenals were inactivated, the right was removed 
and the left splanchnic nerves were cut, and the left semilunar ganglion 
and the upper abdominal sympathetic chain were extirpated. This oper- 
ation denervated the spleen as well as the left adrenal (Schafer and Moore, 
1896). In the absence of sympathetic nerves to the spleen and with no 
adrenal secretion (see fig. 2) the spleen did not contract. The increased 
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concentration of corpuscles found clinically in dehydration may, therefore, 
be the result of an actual increase in the total number of corpuscles in circu- 
lation as well as a decrease in plasma volume. 

The recognition of the fact that dehydration stimulates the sympathico- 
adrenal system explains some phenomena which have been observed both 
clinically and experimentally. The rapid pulse (Marriott, 1923) is reason- 
ably referable to such stimulation. The elevated blood sugar (Schloss, 
1921) may also be ascribed to the sympathico-adrenal action (ef. Cannon, 
Melver and Bliss, 1924). The faster clotting of the blood, upon which 
Keith (1924) commented, is likewise explained by sympathetic activity as 
Cannon and Mendenhall (1914) pointed out. 

That the blood volume is reduced by prolonged hyperactivity of the 
sympathetic has recently been reported (Freeman, 1933). This decrease in 
blood volume has been explained as due to reduction of blood flow in large 
areas of the body from vasoconstriction. The slowing of the circulation 
in these parts leads in turn to an anoxemia of the tissues and a consequent 
increase of the permeability of the smaller blood vessels. This allows the 
proteins and the fluid of the blood to escape and leaves the corpuscles 
stranded in the capillaries. In dehydration, with increased sympathico- 
adrenal activity, vasoconstriction is present. The blood flow is diminished 
both by this vasoconstriction and by the increased viscosity of the blood. 
That the corpuscles are stranded in the capillaries has been reported by 
Marriott (1923) who observed that during dehydration the concentration 
of erythrocytes was considerably higher in the capillaries than in the veins, 
a phenomenon similar to that found in traumatic shock by Cannon, Fraser 
and Hooper (1919). In dehydration, therefore, two factors are present 
which reduce the amount of circulating blood: the loss of fluid from the 
plasma and a subtraction of whole blood insofar as it becomes stagnant. 
This lost blood is not replaced by the administration of salt solution alone. 
After rehydration by injecting 0.9 per cent sodium chloride, the blood 
volume in 4 experiments was still 15.5 per cent below the initial level (see 
fig. 1). Marriott (1923) considered that the diminished serum proteins 
and red blood counts after recovery from dehydration resulted from a de- 
struction of protein in the body. A more plausible explanation, we believe, 
is the setting aside of whole blood in stagnant areas. 

The similarity between traumatic shock and dehydration, which Mar- 
riott (1923) pointed out, is clear. In both conditions the blood volume is 
decreased by stagnation of blood in the capillaries. In traumatic shock 
this stagnation is caused by the reduced blood flow from vasoconstriction. 
In dehydration it results from the diminished flow of blood both from in- 
creased viscosity and from vasoconstriction. 


SUMMARY AND CONCLUSIONS 


Acute dehydration stimulates medulliadrenal secretion and thereby 
causes an increase in the rate of the denervated heart (see figs. 1 and 3-A) 
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or a contraction of the nictitating membrane (see fig. 4). No increase in 
the rate of the denervated heart accompanies dehydration if the adrenals 
are inactivated (see figs 2 and 3-B). 

Reasons are given for regarding asphyxia, resulting from a diminished 
blood flow, as the means by which dehydration stimulates secretion of 
adrenin. 

The increase in the total volume of red blood corpuscles circulating in the 
dehydration (see fig. 1) is the result of sympathico-adrenal stimulation of 
the spleen, since no increase occurs if the spleen and the adrenals are dener- 
vated (see fig. 2). 

Activity of the sympathetic nervous system explains certain phenomena 
noted in clinical or experimental dehydration, such as the rapid heart rate, 
the decreased clotting time of the blood, and the higher level of blood 
sugar. 

The similarity between traumatic shock and dehydration is stressed in 
that both conditions are characterized by vasoconstriction from activity of 
the sympathetic nervous system and a slowing of the blood flow which 
leads to a reduction in the volume of the circulating blood. 

We take pleasure in expressing our appreciation to Prof. W. B. Cannon 


for his helpful suggestions and criticism. 
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The oral administration of insulin or some other anti-diabetic substance 
has long been the hope of clinicians. The problem is of practical impor- 
tance in the treatment of diabetes.? It is also hoped that more light may be 
thrown on the absorbability of substances of high molecular weight. Sjég- 
ren and Svedberg (1931) have shown that the molecular weight of insulin 
is about 35,000 which is in accord with the protein nature of the substance. 
As will be shown below, insulin can be absorbed from the intestine, under 
suitable conditions, providing, however, active pepsin and trypsin are 
absent. The present work deals with an attempt to render pepsin inactive 
temporarily. Trypsin offers no difficulties in these experiments since the 
dogs were depancreatized. The inactivation of the enzymes must, of 
necessity, be only temporary in order that food may be digested. 

While it is not intended to overemphasize the importance of a method of 
oral administration to diabetic human subjects, the advantages should, at 
least, be pointed out. Many patients develop a fear of hypodermic in- 
jections. Many are exposed to infection through failure to sterilize their 
syringes and needles properly when administering insulin to themselves. 
These reasons seem to be justification enough to warrant further investi- 
gation of this important problem. 

REVIEW OF LITERATURE. Pancreatic extracts rendered alkaline and 
given by stomach tube te dogs resulted in two cases in a rise in R.Q. 
(Murlin and Kramer, 1916). Insulin given by duodenal tube resulted in 
marked improvement of a diabetic patient (Sutter ond Murlin, 1922). 
Marked increases in R.Q. were obtained when insulin in alkaline solution 
was given to diabetic dogs by stomach tube (Murlin, Clough, Gibbs and 
Stokes, 1923). 


1 Taken from a thesis submitted by A. G. Eaton in partial fulfillment of the re- 
quirements for the Doctorate of Philosophy, University of Rochester, June, 1932. 

2? Acknowledgment is made of a grant from the Research Committee of the Ameri- 
can Medical Association in support of this investigation. 
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Insulin dissolved in alcohol and given by stomach tube resulted in 
marked reduction of the blood sugar in rabbits (Winter, 1923) but the 
method was found to be unreliable in human diabetes (Harrison, 1923). 
The results on rabbits could not be confirmed (Blatherwick, Maxwell and 
Long, 1924) but a potent hypoglycemic fraction which could be given by 
stomach tube was prepared (Maxwell, Blatherwick and Sansum, 1924). 
Negative results with alcoholic solutions of insulin were reported but oil 
suspensions were effective (Salén, 1924). This, however, could not be 
confirmed (Gjertz, 1924). 

Acidulated water solutions of insulin given by mouth gave encouraging 
results in human diabetes (Murlin, Sutter, Allen and Piper, 1924). Posi- 
tive, though moderate, absorption was obtained in phlorhizinized dogs 
when insulin was administered in enteric coated capsules, combined with 
malic acid, sodium oleate or an amino acid which liberates hydrochloric 
acid, as well as in blood serum (Gaebler and Murlin, 1925). 

A special enteric coated capsule gave some absorption in human subjects 
(Miller, 1926). 

Considerable absorption of insulin protected by blood serum and given to 
depancreatized dogs by stomach tube has been shown (Murlin and Hawley, 
1927). 

EXPERIMENTAL. An attempt has been made to repeat some of the 
former work and then try to work out a method whereby insulin may be 
administered orally and absorbed satisfactorily. 

Dogs were chosen for these experiments since rabbits often gave dis- 
cordant reactions to insulin and their reaction is easily affected by high 
temperatures. Most of the dogs used were completely depancreatized. 

Criteria of absorption. Since the renal threshold may vary from time to 
time in diabetic animals, the level of sugar in the blood should not be taken 
as a sole criterion of the absorption of insulin. A survey of D:N ratios in 
the literature reveals that they are not as constant as was at one time 
thought and that the D:N ratio falls when food is refused. The D:N ratio 
also varies with the time of day in relation to the time of feeding. A com- 
bination of blood sugar values and urinary sugar and nitrogen gives rather 
accurate information. If R.Q.s are obtained to give a measure of the 
amount of sugar oxidized, one has a fairly complete picture. Since insulin 
also leads to the deposition of glycogen in the diabetic animal, glycogen 
determinations would give the only other criterion by which absorption of 
insulin could be measured, but unfortunately, the determination of glyco- 
gen would necessitate the sacrifice of too many dogs for the present study, 
so no glycogen determinations were made. 

Metuops. Dogs were completely depancreatized under ether and 
morphine anesthesia. Subcutaneous injections of insulin were given twice 
daily until the wound was entirely healed. Insulin was then entirely 
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withdrawn until a satisfactory D:N ratio was established. This usually 
occurred on the fourth or fifth day. 

The dogs were confined in metabolism cages throughout the entire 
period of the experiment. Catheterizations were made, with a few excep- 
tions noted in the tables, at approximately 8 a.m., 12 noon, 4 p.m., and & 
p.m. The exact time was always noted and all values calculated to grams 
per hour of both sugar and nitrogen. 

Blood samples were usually withdrawn just before catheterization from 
either the leg veins or the jugular. In many experiments additional 
samples were taken between catheterizations. 

Blood filtrates were made as soon as possible after withdrawal of the 
blood by the method of Somogyi (1930) and the sugar determined by the 
method of Folin (1929). 

Urinary nitrogen was determined by the usual macro-Kjeldahl method. 
Urinary sugars were determined by the method of Benedict (1911). 

Respiratory metabolism was studied by means of the Benedict Universal 
type apparatus attached to a water jacketed copper chamber. The 
accuracy of the apparatus was checked by means of an alcohol flame from 
time to time. Values for the R.Q.s thus obtained are very close to the- 
oretical (0.667) and will be seen from table 4. 

When respiratory metabolism was studied, two basal periods of one hour 
each were usually taken before the 12 noon catheterization. The dog was 
then removed from the chamber, a blood sample taken, catheterization 
performed, the material to be tested administered, and the dog returned to 
the respiration chamber. After equilibrium was established (45 minutes 
to one hour) three successive hourly periods were studied. 

The material to be administered orally was always introduced into the 
stomach by means of a stomach tube, washed down with a little distilled 
water, and the tube carefully withdrawn to prevent the absorption of any 
insulin from the oral cavity. 

Diet. The diets used consisted essentially of lean meat and lard. No 
attempt was made to meet the exact caloric requirements of the animal 
since appetite was often so poor that little or no food was consumed. Food 
was always given after the last catheterization in the evening and left in 
the cage overnight. The amount remaining in the morning was estimated 
and deducted. 

A sample diet is given below. The main variable was the amount of lean 
round used and that was adjusted somewhat to the size and appetite of the 
dog. 

grams 
Lean round 
Lard 25-30 Cod liver oil... 
Tomato juice 10 Bone ash.... 
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Resutts. In some experiments with intestinal extracts, not reported in 
this paper, it was found that the addition of calcium lactate and sodium 
bicarbonate to the mixture of intestinal extract and insulin aided materially 
in the absorption of insulin from the alimentary tract. In one experiment, 
the effect was just as great when the intestinal extract was omitted. 
Further experiments on several dogs were then performed to determine if 
this effect would be consistent. Dog 10, which was still in good condition 
after the intestinal extract experiments were finished, served as the first 
experimental animal. The results are shown in table 1. 

The control experiment with insulin and calcium lactate on November 18 
resulted in no decrease in blood sugar. The urinary sugar fell somewhat as 
happens at that time of day after food is given the evening before. Evi- 
dently the calcium lactate by itself cannot be responsible for the absorption 
but an alkali must also be present. On the following day sodium bicar- 
bonate was added, the blood sugar fell 80 mgm. per cent and sugar was 
absent from the urine for an eight-hour period. 

The blood sugar decrease was not quite as great on November 20 (55 
mgm. per cent) but the urine was again sugar-free. Another control day 
on November 23 with insulin, sodium bicarbonate and water (not shown in 
table), resulted in no decrease in blood sugar and but a slight fall in urinary 
sugar and nitrogen. 

Calcium chloride was substituted for the calcium lactate on November 
24. The blood sugar fell 66 mgm. per cent and sugar was absent from the 
urine for eight hours. This would indicate that it is the calcium which is 
important and not the lactate ions. 

Every experiment on dog 10 in which insulin was administered along 
with sodium bicarbonate and calcium lactate gave positive results. For 
confirmation, the same procedure was repeated with dog 12. Eleven ex- 
periments gave essentially the same results. The data are omitted for 
lack of space. 

The results on dogs 10 and 12 having been so consistently positive, it was 
decided to make also a study of the respiratory metabolism on the next 
dog in order to determine the fate of the sugar disappearing from the blood 
after administration of insulin. The results of this study are seen in 
table 2. 

On January 26 the decrease in blood sugar was 59 mgm. per cent and 
sugar was absent from the urine for eight hours. The quotients rose to 
0.757, 0.906 and 0.751 in successive hours showing considerable combustion 
of sugar. The heat production in the second hour (20.44 Cal.) would, 
at first glance, seem to be rather low. However, it is only 15 per cent 
below the second basal hour when the dog was also quiet. Hawley and 
Murlin (1925) in a study of the effect of insulin on normal rabbits, showed 
that the oxygen consumption fell coincident with the rise in R.Q. Cal- 
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TABLE 1 
The effect of calcium lactate and sodium bicarbonate on the absorption of insulin 


Dog 10, black and white hound, depancreatized 10/14/31. Used for intestinal 
extract experiments. 


TIME N N BLOOD SUGAR 


11/18/31 
8:00 a.m. 0.482 0.193 2.494 292 
12:00 noon 0.084 0.149 0.561 286 
208 units insulin, 100 cc. 1 per cent calcium lactate 
4:00 p.m. 0.077 0.113 0.683 292 
8:00 p.m. 0.183 0.098 1.864 304 
9:00 p.m. Dog fed. Ate 175 grams food 


11/19/31 
8:00 a.m. 0.719 0.205 3.512 301 
12:00 noon 0.097 0.129 0.750 304 
208 units insulin, 100 cc. 1 per cent calcium lactate, 6 grams 
NaHCO, 
4:00 p.m. 0.000 0.153 0.000 | 224 
8:00 p.m. 0.000 0.111 0.000 263 
9:55 p.m. Dog fed. Ate 200 grams of food 


11/20/31 
8:00 a.m. 0). 484 0.180 0.690 305 
12:00 noon 0.056 0.131 0.427 284 
208 units insulin, 100 ec. calcium lactate, 6 grams NaHCO; 
4:00 p.m. 0.000 0.108 0.000 229 
8:00 p.m. 0.000 0.079 0.000 256 
8:30 p.m. Dog fed. Ate 225 grams food 


11/24/31 
8:00 a.m. 0.325 0.148 } 2.205 330 
12:00 noon 0.243 0.156 1.564 308 
208 units insulin, 100 cc. 1 per cent calcium chloride, 4 grams 
NaHCO; 
4:00 p.m. 0.000 | 0.097 0.000 242 
8:00 p.m. 0.000 } 0.079 0.000 260 
8:20 p.m. Dog fed. Refused food 


11/25/31 | 
8:00 a.m. 0.070 0.099 0.702 280 
Dog dead 12/1/31. No visible pancreatic tissue 


culating their greatest decrease in heat production, one arrives at a figure of 
41 per cent. The low heat production in the second hour of this experi- 
ment does not represent, necessarily, an error, but rather the normal re- 
sponse to insulin. 

A control period on January 27 gave a D:N ratio of 3.091, showing that 
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TABLE 2 


Effect of sodium bicarbonate and calcium lactate on the absorption of insulin 


Dog 14, mongrel hound. 


TIME 


1/26/32 
8:00 a.m. 
10:00 a.m. 
11:00 a.m. 
12:00 noon 


_ 


:00 p.m. 
:00 p.m. 
:00 p.m. 
:00 p.m. 
:00 p.m. 
:20 p.m. 


1/27/32 
8:30 p.m. 


1/28/32 
8:00 a.m. 
11:00 a.m. 
12:00 noon 


1:00 p.m. 
2:00 p.m. 
4:00 p.m. 
8:00 p.m. 
10:00 p.m. 


2/24/32 
8:00 a.m. 
10:00 a.m. 
11:00 a.m. 
12:00 noon 


1:00 p.m. 
2:00 p.m. 
3:00 p.m. 
4:00 p.m. 
8:00 p.m. 
9:30 p.m. 


3/2/32 


D/HR 


0.478 
208 


0.000 
0.000 


1.286 


0.085 


N/HR 


0.428 


0.344 


Depancreatized 1/4/32. Last insulin injected 1/22/32 


D N BLOOD 


L CO2/Hr. L O2/HR R.Q 


> 


HR 


3.531 238 
4.439 6.132 | 0.724 | 28.83* 
3.644 5.131 0.710 24 06 


1.392 225 


units insulin, 100 cc. 1 per cent calcium lactate, 6 grams 


0.183 
0.141 


0.565 


0.216 


NaHCO; 
4.057 5.359 | 0.757 | 25.47 
3.752 | 4.140 | 0.906 | 20.44 
4.765 | 6.343 | 0.751  30.06* 


0.000 166 
0.000 163 
Dog fed. Ate 350 grams food 


Dog fed. Ate 350 grams food 


277 245 


w 
to 
~ 
~ 


3.610 4.750 | 0.742 | 22.48 
0.393 241 


208 units insulin, 100 cc. 1 per cent calcium lactate, 6 grams 


0.080 
0.062 


0.766 


0.189 
0.134 


0.407 


NaHCO; 

3.727 | 4.736 | 0.787 | 22.68 

3.652 | 4.409 | 0.828 | 21.33 
0.423 237 
0.463 227 

Dog fed. Ate 350 grams food 

251 

100 6.033 | 0.680 | 28.27* 

3.325 | 4.819 | 0.690 | 22.58 


1.881 261 


208 units insulin, 100 cc. 1 per cent calcium lactate, 6 grams 


0.104 
0.000 


* Restless. 


0.295 
0.180 


NaHCO; 
3.748 | 5.325 | 0.704 | 24.95 
3.721 5.012 | 0.742 | 23.70 
3.584 5.178 | 0.692 | 24.26 
0.353 199 
0.000 225 
Dog fed. Ate 350 grams food 


Dog dead. No visible pancreatic tissue 


3 
| 
| 
| 
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the dog was completely diabetic. There is a tendency of the basal R.Q. : 
rise on the next day. Only two experimental periods were obtained but 
they show a fair rise over the basal. The blood sugar was not great], 
decreased and the urine did not become entirely sugar free. Calculation 
by means of non-protein R.Q.s of the amount of glucose oxidized on 
January 26 and 28 showed 4.47 and 4.01 grams respectively for the hours 
studied. On the latter day the blood sugar fell but little although nearly 
as much glucose oxidation occurred. 

When experiments were again resumed with this dog on February 24, the 
same treatment resulted in a good decrease in blood sugar (62 mgm. per 
cent) but the R.Q. rose only slightly in the second period. The sugar 
excretion fell to zero. The amount of combustion of sugar was not nearly 
enough to account for the sugar disappearing from the urine, blood and the 
tissues, for one must consider the tissues in equilibrium with the blood. 
This experiment would then indicate the formation of glycogen. 

With the idea of increasing the buffering system and prolonging the 
inhibition of pepsin for a slightly longer time, blood serum was added to 
the mixture and the effect tested on dog 17. Table 3 shows the advantages 
resulting. 

With the same treatment as used on previous dogs, plus blood serum, 
the blood sugar decreased 92 mgm. per cent, the urine became sugar-free 
at 8:00 p.m., and the R.Q. was well elevated during the first and second 
hours of March 28. It should be noted that the rise in R.Q. in this experi- 
ment and the next occurred in the first hour after administration indicating 
earlier or more complete absorption. 

The following day the dose of insulin was doubled with the result that 
the blood sugar fell 102 mgm. per cent. The R.Q. and D:N ratios were 
about the same as on the previous day. There was doubtless some forma- 
tion of glycogen. 

Blood serum was omitted on March 30, with the result that the R.Q. rose 
but little. The blood sugar fell 101 mgm. per cent, and the urine became 
sugar-free. The high D:N ratio of the next morning indicated glycogen 
formation and reconversion to sugar. The addition of blood serum seemed 
to stimulate combustion, or to accelerate absorption of insulin. 

On April 2 the dose was given at 8:40 a.m., and blood sugar followed at 
hourly intervals. The blood sugar fell 75 mgm. per cent by 11:30. The 
dose was repeated at 11:35 a.m. and at 2:40 p.m. the blood sugar had 
reached its lowest point, the total decrease from the two doses being 150 
mgm. percent. This was a very marked effect on blood sugar and showed 
that the second dose was as effective as the first. 

Reasoning that if the buffering action of the blood serum were due to the 
serum proteins, egg albumin would also have a good effect, the experiment 
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TABLE 3 
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Effect of calcium lactate, sodium bicarbonate and blood serum on the absorption of insulin 


29 
ve. 


TIME 


3/28/32 
8:00 a.m. 
10:00 a.m. 
11:00 a.m. 
12:00 noon 


1:00 p.m. 
2:00 p.m. 
3:00 p.m. 
4:00 p.m. 
8:00 p.m. 
8:30 p.m. 


3/29/32 
8:00 a.m. 
10:00 a.m. 
11:00 a.m. 
12:00 noon 


:00 p.m. 
:00 p.m. 
:00 p.m. 
:00 p.m. 
p.m. 
8:30 p.m. 


Ore 


3/30/32 
8:00 a.m. 
10:00 a.m. 
11:00 a.m. 
12:00 noon 


1:00 p.m. 
2:00 p.m. 
3:00 p.m. 
4:00 p.m. 
8:00 p.m. 
8:35 p.m. 


3/31/32 


8:00 a.m. 


: BLOOD 
N/HR D:N L CO:,ar. L aR RQ 


286 
4 099 5.671 | 0.723 
4 042 5.723 | 0.706 
0.942 | 0.192 | 4.899 308 


Dog 17. Collie. Depancreatized 3/11/32. Last subcutaneous insulin 3/25 


CaL 


HR 


26 69 


26 . 82 


208 units insulin, 100 ec. blood serum, 1 gram calcium lactate, 


grams NaHCO; 


4.500 5.616 | 0.801 

4.048 5.240 | 0.772 

| 3.491 4.905 | 0.712 
0.117 0.205 |0.569| 216 
0.000 | 0.174 | 0.000 | 258 


Dog fed. Ate 325 grams food 


2.046 0.465 | 4.400 292 
4.019 | 5.888 | 0.683 
3.950 | 5.356 | 0.735 
0.505 | 0.287 | 1.761 276 


416 units insulin, 100 cc. blood serum, 1 gram calcium lac 


grams NaHCO; 
4 401 5.482 | 0.803 
4.278 | 5.477 | 0.781 
3.982 | 5.499 | 0.724 
0.227 0.453 | 0.501 174 
0.000 | 0.286 | 0.000 188 
Dog fed. Refused food 


0.118 | 0.167 0.708 298 
3.372 | 4.871 0.692 
3.306 4.848 0.682 
0.333 | 0.136 | 2.443 290 


26 97 


24 


9 


3 


oan 


97 


Ol 


to 
ae 


tate, 6 


26 


26 


9 


“0 


34 
16 
88 


416 units insulin, 100 cc. 1 per cent calcium lactate, 6 grams 


NaHCO; 
| 3.421 4.804 | 0.712 
3.170 | 4.481 | 0.707 
0.058 0.180 | 0.321 189 
0.000 0.154 | 0.000 222 
Dog fed. Ate 325 grams food 


1.853 0.453 | 4.092 248 


| 3.437 | 4.706 | 0.730 | 


|) 

r 

y 

| | 

22.83 
22.72 
22.18 
22.54 
21.00 


1 
1 


4/1/32 


8:00 p.m. 


4/2/32 


8:00 a.m. 
8:40 a.m. 


740 a.m. 
740 a.m. 
730 a.m. 
735 a.m, 
35 p.m. 
:40 p.m. 
p.m. 
2:42 p.m. 
3:50 p.m. 
:42 p.m. 
:47 p.m. 
745 p.m. 
755 p.m. 
9:00 p.m. 


4/3/32 


8:00 p.m. 


4/4/32 


8:00 a.m. 
0:00 a.m. 
1:00 a.m. 
12:00 noon 


1:00 p.m. 
2:00 p.m. 
3:00 p.m. 
4:00 p.m. 
8:00 p.m. 
8:30 p.m. 


4/5/32 


8:00 a.m. 
8:00 p.m. 


4/6/32 


8:00 a.m. 
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TABLE 3—Concluded 


D:N L O2/ar. 


| 
Dog fed. Refused food 


| | 
0.294 | 0.194 | 1.517| 290 | 
416 units insulin, 100 cc. blood serum, 4 grams NaHCO;, 1 gram 
calcium lactate 

216 

236 

215 | 

Dose repeated 

204 

0.339 

162 

140 | 
144 | 

155 | 
0.193 0.000 
239 
0.155 | 0.000 
Dog fed. Refused food 
| 
Control to 8:00 a.m. 4/4/32 
Dog fed. Refused food 


0.508 0.315 1.616 276 
0.508 0.315 3.879 5.634 | 0.688 | 26.40 
3.497 5.111 | 0.684 | 23.95 
0.749 | 0.302 | 2.477| 276 
416 units insulin, 100 cc. 8 per cent egg albumin, 1 gram calcium 
lactate, 6 grams NaHCO; 
3.834 | 5.369 | 0.714 | 25.21 
3.569 | 4.808 | 0.742 | 22.74 
3.525 4.875 | 0.723 | 22.94 
0.441 267 
| 1.494 | 276 
Dog fed. Ate 215 grams food 


543 | 3.771 | 256 | 
Dog fed. Refused food 


0.835 ‘ 2.152 260 
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on April 4 was performed. The blood sugar was scarcely affected, the 
R.Q. rose but little, while the urinary sugar was somewhat decreased. The 
control day following on April 6 gave a low D:N ratio (2.152) because the 
dog refused food. 

The addition of blood serum does increase the absorption of insulin. 
This is shown by higher R.Q.s on blood serum days and by a greater de- 
crease in blood sugar. Egg albumin, on the other hand, does not increase 
the absorption of insulin; thus it is probably not the protein of the blood 
serum alone which is of importance. 


TABLE 4 
Alcohol checks 


DATE L CO2/HR L O2/ HR R.Q 


1/23/32 2 019 3.028 0.667 
1.737 2.634 0.660 
1.315 1.980 0 665 

/28/35 
1.851 2.800 0.661 
9/39 5.282 8.003 0.660 
2.109 3.286 0.650 
2/ 7/32 2.143 3.238 0. 662 
3/ 5/32 1.623 2.454 0.661 
2 842 4 362 0.652 
1.919 2 891 0 664 

3/19/32 
1.990 3.006 0.662 


Discussion. After the oral administration of insulin along with calcium 
lactate and sodium bicarbonate to dogs 10 and 12, the urine always became 
sugar-free and there was a marked and rapid decrease in the blood sugar 
which later returned to its original level. These findings are considered 
evidence enough that insulin is absorbed. In all cases where either the 
sodium bicarbonate or the calcium lactate are omitted, there is a much 
smaller absorption of insulin, as measured by the same criteria. It now 
becomes necessary to account for their action when combined. As pre- 
viously stated, it was hoped to buffer out the hydrochloric acid of the 
stomach, temporarily, and thus keep the pH of the insulin too high for its 
inactivation before it could reach the intestine and be absorbed. Now, if 
only the sodium bicarbonate is used, when it reacts in the stomach with 
hydrochloric acid the resulting product will be sodium chloride. This 
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product will no longer have any capacity to remove free hydrochloric acid 
and as a consequence the pH will be lowered and the insulin be inactivated 
before it can be passed on to the intestine and absorbed in any quantity. 

When calcium lactate is added, one can conceive of it reacting with the 
sodium bicarbonate to form the calcium salt. This salt will react with 
hydrochloric acid and produce calcium chloride which in turn reacts with 
more sodium bicarbonate to form more of the calcium salt. More alkali 
will be furnished by the bile to form a calcium salt. Since none of these 
calcium compounds are as readily absorbed as the corresponding sodium 
compounds, they have a much more prolonged buffering action and allow 
more insulin to be absorbed before it is inactivated. 

According to this conception the calcium salts would not be specific in 
their promotion of insulin absorption but any basic salt, not readily ab- 
sorbed, would give equally good results. That the lactate group plays no 
very important part is seen by the fact that calcium carbonate is nearly as 
effective as the lactate. The substitution of calcium chloride on November 
24 gave a greater decrease in blood sugar than had the lactate on preceding 
days. The blood sugar decrease with calcium carbonate on February 26 
was greater than on the previous day with the lactate. The blood sugar 
decreases with the carbonate were as great on March 17 and 18 as on 
previous days with the lactate but the effect on R.Q. was a little less. It 
should be emphasized that the bicarbonate alone, or with lactate and 
blood serum, does not raise the R.Q. The control experiments have been 
omitted in the interest of brevity. 

Even at best only a small fraction of the insulin administered ever enters 
the blood stream. 

With only two exceptions (dog 14, January 29 and dog 15, March 9, 
not shown in tables) the R.Q. always rose. It is easy to explain the 
failure of January 29, since, on account of the restlessness of the dog, only 
the third hour was obtained. The R.Q. of the third hour is almost in- 
variably back to the diabetic level. The other failure of the R.Q. to rise 
cannot be explained. 

Dog 14 at first showed good rises in R.Q. but after being diabetic for a 
longer time, the rise was not nearly so great. This is somewhat analogous 
to the findings of Dann and Chambers (1930 and 1932) who found that in 
“hunger diabetes” induced by starvation, even after glucose administration 
the R.Q. rose no higher than 0.75. Even injections of insulin failed to 
bring about good glucose combustion. Glycogen analyses on such dogs 
showed that instead of burning the glucose, glycogen was formed. 

In our experiments the blood sugar fell markedly, and the urine became 
sugar free. Not all of this sugar disappearing from the blood was oxidized 
as seen from the R.Q., especially when the rise was only 0.74 or there- 
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abouts. The inference must be drawn that glycogen was being formed. 
This is supported by the very high D:N values obtained in the morning 
following. As the insulin effect wears off and the animal again becomes 
completely diabetic, the newly formed liver glycogen must be poured out. 
If glycogen were not formed but the sugar merely held back by the kidneys 
due to some injurious effect of the materials administered, the blood sugar 
would rise instead of fall. There is, therefore, every reason to believe that 
dogs under this treatment form glycogen. 

In several experiments there appeared to be an increased kidney thresh- 
old for sugar. It would on first thought seem to be a result of the treat- 
ment but Allen and Wishart (1920) found the threshold to vary greatly 
within short periods of time. In one diabetic dog a high threshold of over 
400 mgm. per cent changed to 159 mgm. per cent within 5 days when fat 
was removed from the diet. They showed that fasting, epinephrine, cold 
and acidosis change the threshold very quickly. Glassberg (1931) showed 
that the kidney threshold varies greatly in both diabetic and non-diabetic 
patients and may show marked shifts in the same patient within short 
periods of time. 

Dog 14 was the only dog failing to maintain a diabetic quotient in the 
basal morning periods. It gradually rose from the diabetic level on January 
25 to a value of 0.77 on February 2 and 3. After a recovery period with 
subcutaneous insulin the basal R.Q. returned to the diabetic level and 
failed to rise throughout the second series of experiments. This one series 
is in agreement with Soskin (1930). However, there is some difficulty in 
accepting the interpretation of Soskin. If one accepts the over-production 
theory of diabetes, why did this same dog fail to show a rise in basal R.Q. 
during the second series? Also, why did the other dogs studied fail to 
conform to the over-production theory? It seems more likely that there 
was insular tissue included perhaps in the duodenum which later de- 
generated. 

The addition of blood serum to the mixture increases the amount of 
absorption of insulin as seen by the greater decrease in blood sugar. If the 
effect were due to the buffering action of the serum proteins, it would 
seem that a solution of egg albumin would have the same effect. That this 
is not true is shown by the experiment done on dog 17 on April 4. With 
egg albumin, the blood sugar scarcely fell at all, the urine did not become 
sugar-free and the R.Q. rose but slightly. Since the intestine, in the 
depancreatized dog contains no trypsin, the effect cannot reasonably be 
ascribed to the anti-trypsin of the blood serum. Further investigations 
with fractionation of the serum would perhaps show the constituent which 
aids absorption. 

Increasing the dosage of insulin from 208 to 416 units does not increase 
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the amount of absorption. This is demonstrated by the experiments don 
on March 28 and 29. On March 28 only 208 units were used, while on th. 
next day 416 were given. The results are practically identical. 

A second administration given three hours after the first appears to giv: 
about the same amount of absorption. This is seen from the experiment 
performed on April 2. With the two doses the blood sugar was decreased 
from 290 mgm. per cent to 140, a fall of 150 mgm. per cent. Whether 
additional doses would result in hypoglycemic symptoms was not de- 
termined. 

Whether enough insulin is absorbed by this method to prolong the life of 
totally depancreatized dogs is a question which cannot be answered by our 
data, but is proved by the experiments of Hawley and Murlin. Frequent 
control days were necessary and but one dose was given each day so the 
results do not even give an approximation to the actual survival period. 

It seems reasonable to believe that differences in the rate of emptying of 
the stomach may account for the small variations in results. If the 
stomach empties quickly, a greater absorption of insulin could take place 
as less would be destroyed by pepsin. 


CONCLUSIONS 


1. Insulin, given by stomach tube, along with calcium lactate and 
sodium bicarbonate, to depancreatized dogs causes a lowering of blood 


sugar, decrease or disappearance of sugar from the urine and a rise in R.Q. 
The dosage used was large and only a small part of the insulin was absorbed. 
The results were consistent. Some of the experiments showed a higher 
kidney threshold for sugar, but this is probably not an effect of the 


treatment. 
2. Blood serum added to the above mixture brings about increased 


insulin absorption. The mechanism is not yet clear. 
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It has been a commonly accepted belief that in man an interval of fifteen 
or even thirty seconds elapses between the exit of blood from the lungs and 
the return of any considerable part to the lungs again (Henderson and 
Prince, 1917; Burwell and Robinson, 1925; Bock, Dill and Talbott, 1928; 
Israels and Lamb, 1929; Grollman, 1932). The justification of certain 
rebreathing procedures used in cardiac output estimations has been fre- 
quently based on this belief (e.g., Grollman, 1932). It is obvious, however, 
that if the course of single corpuscles could be followed, the distance 
traversed by some would be widely different from that traversed by others 
and that the time required for reappearance in the lungs must be corre- 
spondingly different. Thus it is to be expected that the circulation time 
of blood traversing the coronary vessels, the bronchial system, the vessels 
of the thyroid, the intercostals, ete., should be much shorter than that of 
blood which flows through the feet. If the fraction of cardiac output 
which traverses the shorter paths of the systemic circulation is considerable 
and if the time of transit is less than has been assumed it is clear that an 
error of possible importance may have been included in such cardiac output 
estimations as these based on the above assumption. 

Moore, Kinsman, Hamilton and Spurling (1929) from dye injection 
experiments estimated the rapidity with which blood traverses the shorter 
paths of the systemic circulation in dogs and in man but the amount of 
blood rapidly returning cannot be ascertained from their data. Therefore 
we have devised a method for determining not only the rapidity but also 
the approximate amount of blood traversing the shorter paths of the sys- 
temic circulation in anesthetized dogs. The results indicate that large 
amounts of blood rapidly return to the heart under the conditions of our 
experiments and the significance of this finding will be discussed. 

EXPERIMENTAL. The plan required that a solution of non-diffusible dye 
(vital red) be injected into the blood stream in the left heart at a constant 
measured rate; and that a rapid succession of blood samples, each accu- 
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rately timed, be collected simultaneously from the aorta and pulmonary 
artery. 

Dogs were anesthetized with morphine and ether and kept warm by an 
electric pad. Tracheal and carotid cannulae were inserted. Under arti- 
ficial respiration the chest was opened and the pericardium divided. A 
glass tube was inserted down the right carotid artery until its tip lay just 
above the aortic valve. This was verified after the experiment. A needle 
was thrust through the wall of the pulmonary artery and a curved glass 


Fig. 1. Diagram of apparatus. A, burette containing dye solution with oil above 
it. B, needle valve. C, oil reservoir, raised six feet above burette. D, stopcocks 
and rows of test tubes used in early experiments. E, double burette filled with Hg, 
single stopcock. F, long glass tubes containing blood samples divided by columns 
of Hg. G, capillary (thermometer) tubing. H, tube to balance difference between 
aortic and pulmonary artery pressure. 


annula passed through the tip of the left auricular appendage and tied 
so that its end, a bulb with numerous perforations, lay in the main blood 
stream. These cannulae were filled with saline solution containing heparin. 

The arrangement of apparatus is shown in figure 1. For the injection of 
dye, 1500 mgm. per cent vital red, at a constant rate of about 1 ce. in 10 
seconds, a device similar in principle to that of Burn and Dale (1925), was 
employed. In the experiments the dye was started flowing down the 
second outlet of the burette and at the proper instant the stopeock was 
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turned so that dye entered the heart. An observer signaled each half 
cubic centimeter injected, so that the rate of injection was always recorded 

The arrangement for the simultaneous collection of blood samples was 
changed during the investigation. At first the aortic and pulmomary 
artery cannulae were connected by tubing of 2 mm. internal diameter to 
stopeocks of similar bore, the total capacity of each collecting system 
being 0.5 cc. When samples were desired the stopcocks were adjusted 
until the flow was approximately the same from both. The blood was 
collected in pairs of small test tubes, each containing a minute amount of 
heparin. These tubes were changed every five seconds, as timed by a 
metronome. Each change was signaled. At the end of the collection the 
amount of blood in each tube was measured. After centrifugation and 
dilution, the dye content of the plasma was determined in a Kober color- 
imeter by comparison with a series of standards containing the same per- 
centage of the dog’s serum as the unknowns. 

The error inherent in this technique was estimated by simultaneously 
drawing two samples from the aorta or pulmonary artery while dye was 
being injected as in an experiment. In eight determinations the dye con- 
centration of these samples was estimated to differ by 3.8 per cent on the 
average. The maximum difference, 9.5 per cent, occurred in an experiment 
in which the rate of withdrawing samples was obviously neither constant 
nor equal. Therefore, in order to avoid the possibility of such an error 
the last four experiments were performed by a method in which the rate 
and time of sampling were under complete control (fig. 1) (Starr and Col- 
lins, 1930). 

The dye concentration injected was reduced to 200 mgm. per cent. The 
dogs received 50 mgm. of heparin per kilogram. The cannulae were 
attached to clean glass tubes 5 feet long and of 3 mm. bore, placed nearly 
horizontally and connected with lengths of thermometer tubing placed 
vertically. Both systems were filled with mercury. On the removal of 
clamps the mercury flowed down the capillaries of the thermometer tubing 
drawing the blood into the long tubes at the same rate. The issuing blood 
was divided into samples by allowing drops of mercury to fall simultane- 
ously into the blood columns every five seconds. After the tubes had been 
filled with blood samples divided by short columns of mercury they were 
then broken through the mercury drops, the sections plugged and centri- 
fuged. The dye content was determined in the colorimeter, or the serum 
placed in selected tubes of 2mm. bore and compared directly with a series 
of standards made up in the plasma of the same animal and placed in 
tubes of exactly similar bore. In these tubes differences of 0.1 mgm. per 
cent could be easily distinguished when the concentration ranged from 
0.1 to 1.0 mgm. per cent. Concentrations above this were usually diluted 
to this range. 
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Resutts. Twelve experiments were performed on ten dogs. The 
tracing of a typical experiment is shown in figure 2. The results of the 
same experiment are charted in figure 3. In making this chart correction 
has been made for the time required for the blood samples to pass through 
cannulae and tubing. Charts of other experiments differ from this in that 


the two curves were usually more nearly parallel. In four experiments 


Samples 


T 
Time 5sec. 


Fig. 2. Record of an experiment. At the arrow dye enters the heart 
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Fig. 3. Chart of the results of an experiment 


there was no plateau in the aortic curve but an angle was present at the 
corresponding point. When this was the case the cardiac output has been 
calculated from the position of this angle and a question mark has been 
placed after it in table 1. In four experiments the blood pressure varied 
and the change is shown in table 1. 

Our interpretation of the results can be most easily explained by refer- 
ence to figure 4. In diagram A dye has reached the aorta but not the pul- 
monary artery. In B the dye has traversed the shortest systemic circuits 
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TABLE 1 


Relation of blood pressure to percentage of blood rapidly returning to heart 


MINIMUM AMOUNT OF BLOOD RETURNING TO 
THE HEART IN 
BLOOD CARDIAC 
PRESSURE!) OUTPUT 


REMARKS 


i § 10 15 20 25 30 
seconds seconds seconds seconds seconds seconds 


per cent) per cent per cent per cent| per cent) per cent 
cc. per 
mm. Hg | kgm. per of of a of A of 
: | calecude cardiac cardiac | cardiac | cardiac | cardiac | cardiac 
output | output | output! output | output | output 


29B | 168-202| 280 55 64 63 Adrenalin 
29 140 | 110? | 4 ¢ 57 Adrenalin 
30 | 132-117| 150 60 | 61 

30 114 130? | + | 23 

29A/ 108 | 300 | 

29 108 | 170 

290A | 102 | 130 

-29A 84 160? 

-30 80 | 150? 

29 63 | 60 

29B | 42-36 | 120? 

29B | 36-30 70 ¢ , 7 Hemorrhage 


Average of experiments in 
which blood pressure was not 
experimentally altered 


Fig. 4. Diagram of the progress of dye through the circulation when it is con- 
tinuously injected into the left auricle. 
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and, diluted by blood from longer circuits, has reached the pulmonary 
artery. The concentration in the aorta has remained constant forming the 
plateau seen in the results (fig. 3). At C the head of the dye column has 
returned to its starting point and both the aortic and pulmonary dye con- 
centrations are rising steadily and will continue to do so as long as the 
injection of dye continues. 

If the dye concentration in the aorta remained constant the percentage 
of the cardiac output which returned to the heart at any time could be 
estimated by simply dividing the dye concentration in the pulmonary 
artery at that time, by the concentration in the aorta. But, as the aortic 
dye content rises, to make this estimation accurately we should know the 
mean time it takes the blood to cross the short circuits (t.) and should divide 
the dye concentration in the pulmonary artery at any time (t) by the aortic 
concentration a few seconds before (at t-t.). But te cannot be accurately 
estimated as it must increase steadily during the experiment as the blood 
returns from increasingly lengthy circuits. Therefore in calculating the 
results recorded in table 1 we have neglected this time factor and taken the 
ratio of pulmonary and aortic dye content at the same time. This gives a 
figure below which the percentage of blood returned to the heart cannot lie. 
The actual amount of returned blood must be increasingly greater than 
that which we have calculated as time proceeds. The error is small when 
the aortic dye concentration is changing slowly, much larger when it 
changes rapidly. Therefore, we have not tried to estimate the amount of 
blood returning during the rapid rise before the aortic dye concentration 
has reached its plateau, but have placed a + sign in table 1 to indicate 
when dye reached the pulmonary artery. As a rule dye appears in the 
pulmonary artery one sample (5 seconds) later than it appears in the aorta. 
Such a velocity would cause the figure given for the average amount of 
blood returning in fifteen seconds to be 15 per cent too small. 

Therefore, to calculate the minimum percentage of blood returning in 
fifteen seconds in the experiment given in figure 3, we have divided the 
ordinate of the pulmonary artery concentration at that time (6.6 mgm. per 
cent) by that of the aortic concentration at the same time (18 mgm. per 
cent). The quotient is 37 per cent. In the same experiment the cardiac 
output was calculated by Stewart’s method (1921) from the height of the 
plateau (15 mgm. per cent); the rate of dye injection as ascertained from 
the tracing, figure 2 (6.3 cc. per min.); the concentration of dye injected 
(15 mgm. per cent); the hematocrit (53 per cent serum) and the dog’s 
weight (9 kgm.). 

1500 X 6.3 1 


X = X = 181 ce. per kgm. per minute 
15 53 9 


Cardiac output 


These methods of estimation are based on the assumption that blood in 
the aorta and pulmonary artery is completely mixed. This has been 
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demonstrated by Stewart (1921) and we have confirmed his results in the 
eight experiments mentioned before. 

The results, shown in table 1, have been arranged in order of magnitude 
of blood pressure. In two experiments this was increased by a prolonged 
infusion of adrenalin at a constant rate; in one it was diminished by bleed- 
ing. The series shows that the proportion of blood rapidly returning 
varies directly with systemic blood pressure. The correlation coefficient 
between mean blood pressure and the percentage of the cardiac output 
returning in fifteen seconds is 0.82 plus or minus a probable error of 0.07. 
There is no significant relationship between the cardiac output and the 
percentage rapidly returning to the heart. 

Discussion. Our results show that, on the average, over 35 per cent 
of the blood leaving the left heart of dogs returns to the right side of that 
organ within 15 seconds under the conditions of our experiment. As the 
time required for blood to cross the lungs is short, about 5 seconds in our 
experiments, and much of it is spent in capillaries in contact with alveolar 
air, this finding contrasts with the results of previous experiments (Starr 
and Gamble, 1928) in which it was found that, after alterations of the gas 
content of the arterial blood by rebreathing, the oxygen, carbon dioxide 
and ethyl iodide content of the mixed venous blood of dogs under barbital 
changed comparatively slowly. We have confirmed this finding. In one 
dog under morphine and ether dye appeared in the pulmonary artery within 
five seconds after its injection into the left auricular appendage, but three 
samples taken under oil from the pulmonary artery during the fifteen 
seconds after stopping the respiration pump showed no change of oxygen 
content, although a sharp asphyxial rise of blood pressure began. In a 
second dog dye was injected into the pulmonary artery at the instant the 
respiration pump was stopped. A blood sample taken from the right 
heart during the following five seconds contained large amounts of dye. 
The carbon dioxide content was not significantly changed but the oxygen 
content had diminished from its previous value. In this experiment the 
dye travelled a longer course than the blood with altered gas content but 
it arrived before the carbon dioxide content changed. 

Therefore, although the blood returns to the heart rapidly and in large 
amounts, a change of gas content of arterial blood is reflected in the venous 
blood more slowly. The capacity of the tissues to absorb or give off gases, 
when the tension to which they have been exposed is suddenly changed, 
affords an explanation of the delay. 

Heymans, Bouchaert, and Dautrebande (1931) found that rapid changes 
occurred in the carbon dioxide content of the venous blood of dogs after 
occlusion and release of the common carotids. These authors interpret 
this as indicating a rapid return of blood to the heart. Our experiments 
have demonstrated such a rapid return. But certain physiological changes 
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could alter the gas content of mixed venous blood more rapidly than the 
time required for blood to complete the shortest circuit. For instance, a 
change in the metabolism in the tissues would effect the mixed venous 
blood extremely rapidly, the distance traversed by the altered blood is 
only half that of the circuits which we have timed. Similar rapid alteration 
of mixed venous blood could be brought about by any change in blood flow 
not accompanied by a corresponding change in tissue metabolism or vice 
versa. Procedures which frighten or hurt the subject might, by this 
means, alter the gas content of the mixed venous blood extremely rapidly. 

The results of observations on man may be interpreted from this point 
of view. Dye travels around the short circuits in about 15 seconds in nor- 
mal resting subjects (Hamilton, Spradlin and Saam, 1932). We have con- 
firmed this finding. But a foreign gas may be rebreathed by a resting 
subject (Grollman, 1932) for about 23 seconds before diminution of its 
rate of disappearance occurs. Samples of blood obtained from the right 
heart of man 12 to 20 seconds, 25 to 30 seconds and 33 to 37 seconds after 
the beginning of acetylene inhalation contained 5.7 per cent, 12 per cent, 
and 18 per cent of the amount of acetylene calculated to be in the arterial 
blood at that time (Bauman and Grollman, 1930). As the tissues must 
have taken up a considerable percentage of the foreign gas which first came 
in contact with them, as Christiansen (1931) recognises, the apparent dis- 
crepancy between the results of dye and gas experiments may be thus 
explained. The blood returns to the heart faster and in larger amounts 
than the gas experiments indicate. 

This conclusion does not necessarily invalidate the results obtained by 
‘ardiac output methods employing procedures extending over a longer 
period of time than is required for blood to return to the lungs, but it alters 
the fundamental assumptions of some of these methods. For instance the 
estimations of cardiac output made by the Grollman (1932) method are 
correct only if the oxygen content of mixed venous blood remains unaltered 
during the rebreathing procedure of 23 seconds. Under no other condition 
could the A-V difference determined during rebreathing be used with the 
resting oxygen consumption to calculate the resting cardiac output. Or, 
to use the original conceptions of Krogh and Lindhard (1912), only if the 
mixed venous blood remains unchanged can the alteration of oxygen con- 
sumption which occurs during rebreathing be attributed solely to a change 
in blood flow, and used as a basis for correcting the increased cardiac out- 
put found during rebreathing to that present when the subject was at rest. 
The argument in support of this constancy of mixed venous blood has been 
based on the belief that the rebreathing was completed in less than the time 
of a single circulation of the blood, and this time has been estimated only 
from the results of experiments on the rate of return of gases. 

In our opinion the evidence cited above indicates that blood often 
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traverses the shorter circuits in 15 seconds in resting individuals and that 
a sudden change of blood flow might affect the mixed venous blood even 
more rapidly. But, if the change in blood flow which occurs during re- 
breathing were accompanied by a corresponding change in the metab- 
olism of tissues traversed by the shorter circuits, then the mixed venous 
blood would remain of constant composition and the estimation of cardiac 
output by Grollman’s method would give a correct result. Changes in 
cardiac output are often accompanied by corresponding changes in metab- 
olism but there are enough exceptions to this statement to diminish our 
confidence in the degree of accuracy which can be attained by cardiac 
output methods depending on this assumption. 


SUMMARY 


An experimental arrangement for determining the rapidity and the ap- 
proximate amount of blood traversing the shorter paths of the systemic 
circulation in anesthetized dogs is described. 

The average of the results shows that over 35 per cent of the blood put 
out by the left heart returned to the right heart within fifteen seconds. 

The percentage rapidly returning bore a direct relationship to the height 
of the mean blood pressure. No relationship to the cardiac output was 


demonstrated. 

A mechanism is suggested capable of producing changes in the gas 
content of mixed venous blood in times shorter than that required for 
blood to traverse the shortest systemic circuits. 

The relationship of these findings to problems involved in the estimation 
of cardiac output in man is discussed. 
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The importance in the digestive process of the enzymes elaborated by 
the cells of the small intestine is well recognized. This group of enzymes 
is responsible for the final hydrolytic cleavages that proteins and carbo- 
hydrates undergo during digestion. The intestinal enzymes have been 
found in extracts of intestinal mucosa and in the intestinal secretion (succus 
entericus), though the low digestive power of the intestinal juice itself has 
led some writers (Howell, 1928; Bierry, 1912; v. Euler and Svanberg, 1921) 
to regard the enzymes of the intestinal mucosa as intra-cellular enzymes 
and their chief digestive action as occurring when foodstuffs come in direct 
contact with mucosal cells, rather than in the lumen of the gut. 

An opportunity was recently afforded us to use dogs in which unusually 
successful modified Thiry loops had been prepared by Doctors Ravdin and 
Johnston of the Department of Research Surgery. We are greatly in- 
debted to them for placing these dogs at our disposal for these experiments 
and for their help and advice during the course of our work with them. 
These animals had completely recovered from the surgical procedure and 
appeared normal in every respect. 

With the newer analytical methods and these improved loops we have 
reéxamined the question of intestinal digestion and endeavored to evaluate 
the activity of intestinal juice in terms of the total digestive accomplish- 
ment of an intact intestinal segment. The effect of histamine stimulation 
on the concentration of intestinal juice enzymes has been investigated. 

EXPERIMENTAL. The Thiry loops in the dogs had been prepared by the 
improved method recently described by Johnston (1932). He has set 
forth the criteria upon which the membranes of these loops may be regarded 
as functionally normal. 

Intestinal juice was collected by inserting a suitable catheter, fitted with 
balloons, into the emptied and well washed loop, closing the fistulous open- 
ing by inflation of the balloons, as Johnston directs, and at the end of the 
desired time removing the accumulated intestinal juice by means of a 
syringe. The juice obtained in this way was usually cloudy and con- 
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tained considerable solid material suspended init. A slightly turbid yellow 
fluid resulted after centrifuging. The centrifuged juice, without further 
treatment, was used in the digestion trials. 

In the histamine experiments, intestinal juice was collected for a half 
hour period before subcutaneous injection of 3 mgm. of ergamine diphos- 
phate (3 ee. of 1:1000 solution) and for a like period afterwards and the 
enzyme activity of the two Juices compared. 

Enzyme activity. The ereptie activity of the intestinal juice obtained 
from the loops was determined by measuring the increase in the titration 
value, after addition of formaldehyde, of peptone solutions to which juice 
had been added. Usually the digestion mixtures consisted of 10 ec. of 2 
per cent peptone (Bacto-peptone, Digestive Ferments Co.), 10 cc. of 0.02 M 
phosphate buffer, pH 7.8, and 4 ce. of intestinal juice. This mixture, pre- 
served with toluene, was kept at 38° and 5 ce. portions were removed at 
intervals of one or two hours for the formaldehyde titration. The increase 
in the titration was calculated as amino nitrogen. No increase in amino 
nitrogen was found in control experiments in which boiled juice was added 
to peptone. 

Sucrose, starch and lactose hydrolysis were followed by measuring the 
increase of reducing sugars in digestion mixtures containing intestinal juice. 
Digestion mixtures of similar composition but containing boiled juice 
served as controls. In the case of sucrose, the digestion mixtures con- 
sisted of 10 cc. of a 5 per cent solution of this sugar, 10 cc. of 0.02 M phos- 
phate buffer, pH 6.2, and 4 cc. of juice, diluted either 1:5 or 1:10. For 
starch digestion, 10 ce. of a 2 per cent soluble starch, prepared by Small’s 
method (Small, 1919), 10 ce. of phosphate buffer, containing 0.04 M sodium 
chloride, pH 6.8, and 4 cc. of juice diluted 1:10, were used. In the trials 
with lactose, 4 cc. of undiluted juice were added to 10 cc. of 5 per cent 
lactose and 10 cc. of phosphate buffer at pH 6.2. 

The Hanes method (Hanes, 1929) was used for the determination of 
reducing sugars. In the starch digestion, his data were used to calculate 
the results in terms of maltose or glucose. The results with sucrose were 
calculated in terms of sucrose hydrolyzed, by values found for the Hanes 
method by Callow (1930). 

Absorption studies. To study the absorption of peptone from the Thiry 
loop, 20 cc. of a 2 per cent peptone solution were inserted into the loop 
after it had been thoroughly washed with water. Leakage from the loop 
was prevented by closing the fistulous opening with inflated balloons 
according to Johnston’s directions for carrying out quantitative intestinal 
studies. After a suitable interval the contents of the loop were removed 
and the loop washed three times with water. The loop contents, together 
with the washings, were heated to boiling, acidified with acetic acid and 
coagulated protein removed by filtering. The quantity of unabsorbed 
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peptone was found by determining the nitrogen content, by the Kjeldahl 
method. The amount of free amino nitrogen was also determined by form- 
aldehyde titration as an index of the amount of hydrolyzed peptone present 
in the loop contents. 

In the absorption trials with starch, 20 ec. of a 2 per cent soluble starch 
solution were inserted into the loop and left for an hour. The loop con- 
tents and washings at the end of this time were analyzed by the Hanes 
method for reducing sugars, before and after acid hydrolysis. From these 
results the quantity of starch that had been absorbed and the quantity 
hydrolyzed in the loop, but not absorbed, was calculated. Prior to the 
determinations by the Hanes method, protein, which is always present 
in loop contents, was removed by the addition of zine sulfate and sodium 
hydroxide. In the absorption experiments with sucrose and lactose, essen- 
tially the same procedure was followed. 


TABLE 1 


Rate of hydrolysis of peptone, sucrose and starch by dogs’ intestinal juice 


AMOUNT HYDROLYZED PER CUBIC CENTI- 
METER PER HOUR 


poo No TIME OF 
-eptone Starch 
(amino-N) | (maltose ) 
‘i hrs. cc mgm mgm mgm 
941 3.0 i 0.95 23.3 50.3. | High loop 
941 | O58 | 20 0.49 26.8 10.9 High loop 
36 0.5 17 | 0.25 | 6.3 | 6.0 High loop 
641 2.5 25 0.15 2.3 2.0 Low loop 
641 2.0 19 0.08 | 2.4 3.0 Low loop 
1118 0.8 40 0.22 1.6 a) 


6 Low loop 


The analytical results were corrected for the reducing and nitrogenous 
substances, not coagulated by heat, that accumulate in a Thiry loop. The 
quantity of these substances was estimated by analysis of the contents of 
the loop after a physiological salt solution had been allowed to remain in 
the loop for a period comparable to that used in the absorption studies. 
Following saline, the loop contained about 5 mgm. of reducing substances, 
calculated as glucose and after acid hydrolysis 28 to 36 mgm. The total 
nitrogen content was 13 to 20 mgm. and the amino-N about 1 mgm. The 
composition of the loop contents in nine control experiments with salt 
solutions was sufficiently uniform to justify their use as corrections in the 
absorption trials. 

Resutts. Typical results of the enzyme studies on twenty-five intes- 
tinal juices are given in table 1. Juice obtained from a high loop refers 
to a loop located in the upper portion of the jejunum. The low loops refer 
to those situated in the terminal portion of the ileum. 
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Wide variations in enzyme activity were found in different samples of 
intestinal juice. These variations were encountered in juices from the 
same loop and could not be correlated with any recognized differences in 
physiological conditions present at the time the samples were collected 
There is indication in our figures that the variations in enzyme activity is 
to some extent related to the quantity of juice obtained from the loop, 
which also is extremely variable. 

Our results in the histamine experiments illustrate the relation between 
enzyme activity and the quantity of juice secreted. Ravdin (1933) has 
recently made the interesting observation that following subcutaneous 
injection of histamine, there is a large increase in the volume of intestinal 
juice secreted, the response to histamine by the dog’s small intestine being 
similar in this respect to the well known effect of histamine on the flow of 
gastric juice. In addition to an increased volume of secretion we have 
found a marked decrease in enzyme concentration of intestinal juice after 
histamine stimulation. In one typical experiment, the volume of juice 
secreted into the loop, following histamine injection, increased from 12 ce. 
to 30 cc. per half-hour. The amount of peptone, sucrose and starch hydro- 
lyzed by 1 ce. of the juice secreted after histamine was 0.19 mgm., 3.2 mgm. 
and 5.2 mgm., respectively, perhour. The juice collected before histamine 
stimulation hydrolyzed 0.42 mgm., 10.6 mgm. and 11.5 mgm. of these 
substances. There was no indication that histamine had influenced the 
absolute amount of intestinal erepsin, amylase or sucrase produced. The 
concentration of these enzymes in intestinal juice seemed to be related to 
the volume of juice secreted. Vineberg and Babkin (1931) and Gilman 
and Cowgill (1931) have shown this to be the case with pepsin in dogs’ 
gastric juice after histamine injection. 

We were unable to correlate the differences in enzyme activity with the 
food intake of the animal. In table 2 are the results of three experiments 
in which the effect of feeding on the composition of intestinal juice was 
studied. After a sample of intestinal juice had been obtained from the 
loop, the dog was fed and several hours later another collection of juice 
was made and the enzyme activity of the two juices compared. The dif- 
ferences between the two samples seemed to be related to the quantity 
of juice obtained rather than to the feeding. Following a meal we have fre- 
quently found that the loop contained very small quantities of juice. Our 
data do not enable us to decide whether these small volumes represent a 
slower rate of secretion of intestinal juice or a reabsorption of liquid, leav- 
ing a more concentrated juice, higher in enzyme activity. 

Brestkin and Savich (1927) found a decrease in the volume and ereptic 
activity of intestinal juice in Thiry-Vella loops in dogs after the animals 
had been fed. Oppenheimer (1910) states that sometimes during gastric 
digestion, little or no intestinal juice is secreted. Ravdin (1933) has 
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invariably noted a decrease in quantity of juice present in dogs’ intestinal 
loops several hours after a meal. On the other hand, Pierce, Nasset and 
Murlin (1932) record an increased volume and enzyme content of juice 
secreted from transplanted jejunal sections, after food had been given to 
the animals. 

The enzyme activity of juice obtained from jejunal loops was distinctly 
greater than that from the low ileal loops. This was especially true for 
starch and sucrose digestion. 

In general, our experience with intestinal juice may be summed up in 
the statement that rarely was a jejunal juice encountered with an ereptic 
activity such that 1 ce. of juice would produce, in an hour's digestion of 


TABLE 2 
The effect of feeding on the enzyme activity of dogs’ intestinal juice 
Dog 941 


AMOUNT HYDROLYZED PER 
CUBIC CENTIMETER PER HOUR 
VOLUME 
SECRETED 
PER HOUR | Peptone 


ce mgn mgm mgm 

Fasting . 4 0.43 27.0 18.8 

*After food 12 0.35 | 22.0 197 0.5 pint milk fed 3.2 hours 
before collection of juice 

Fasting 6 0.27 | 10.3 8.9 

After food ; 2 0.39 23.9 18.5 1 1b. Hamburg steak fed 3.1 
hours before collection of 
juice 

Fasting. 5 0.88 | 27.5 | 27.1 

After food 1 2.42 1090 | 52.3. 1 lb. Hamburg steak fed 1.8 


hour before collection of 
juice 


* Two hours after feeding, volume juice secreted per hour was 1 cc. 


peptone, more than 1 mgm. of amino nitrogen at 38°. Occasionally, as 
much as 50 mgm. of maltose were found as the result of starch hydrolysis by 
1 ce. of juice in an hour, though usually the rate of starch digestion was 
less. The hydrolysis of sucrose varied from 2 to 28 mgm. an hour with 1 ce. 
of jejunal juice and rarely was any hydrolysis of lactose observed. 

With the exception of one sample of jejunal juice, we were unable to 
detect the presence of lactase in intestinal juice. There was no increase 
in reducing power or change in the optical rotation of digestion mixtures 
of lactose and intestinal juice during six hours at 38° and at a pH of 6.2. 
Réhman and Nagano (1903) could get no evidence of lactase in intestinal 
juice and but little in the mucosa. Other investigators (Mendel, 1896) 


Sucrose 
icTose maltose | 
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have failed to find lactase in the juice though Savich (1926) has more 
recently reported that the juice of both young and old dogs which he ex- 
amined contained this enzyme. 

The intestinal juice obtained from either high or low loops had such 
feeble enzyme action that it may well be questioned to what extent the 


TABLE 3 
The absorption of peptone, starch, sucrose and lactose from dogs’ jejunal loop 
Dog 941 


PEPTONE LOooP CONTENTS* CALCU- 
LATED 
VOLUME 
OF JUICE 
REQUIRED 


TIME IN 
LOOP 


ABSORBED 
TOTAL N 


EXPERI- 
MENT 


| SOLUTION 


| INSERTED Total |Amino- amino-N 


Volume | Total N 


mgm minutes 


74 9.1 125 
35 


66 8.1 


mgm mgm 


1.4 
1.8 


mgm 


) 
69 8.3 60 y y 1.1 


Reducing 


Starch 


(as glucose) 


450 
410 
409 


Sucrose 


2089 
1112 


Lactose 


9 20 
10 20 


1000 
400 


46 


* Corrected for total N, amino N 


Starch 
(as glu- 
cose) 


189 
192 
80 


sucrose 


365 
138 


Lactose 


530 
83 


sub- 
stances (as 
glucose) 


13 
11 
15 


(As 
sucrose 


sucrose 


1724 
974 


Lactose 


and reducing substances present in loop con- 


tents in control experiments. 
+ After food. 


results of examination of the activity of this fluid truly revealed the enzyme 
activity and digestive power of the part of the intestine producing the juice. 

In table 3 are recorded the results of absorption experiments showing 
the extent of absorption of peptone, starch, sucrose and lactose when solu- 
tions of these substances were inserted into the jejunal loop. All of these 
substances were readily absorbed from this loop. Provided hydrolysis is 
necessary, preliminary to absorption, the disappearance of these substances 
from the intestinal segment by absorption may be regarded as a measure 
of the enzyme activity of the segment with respect to them. 


cc — ce 
l 20 3 17 57 20 
2 20 41 51 
20 57 4? 
As glu- 
4 20 63 7 261 11 
5 290 62 5 218 9 
6 20 60 4 329 14 
7 20 39 7 212 194 
bat 20 40 5 70 98 
62 15 470 1044 
|_| 6 317 932 
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Many substances that are not attacked enzymatically in the alimentary 
tract are not absorbed to any great extent. This statement was found to 
be true for the jejunal loop used in our absorption trials for protein, inulin, 
raffinose and glucose-urea, substances which are unaffected by intestinal 
enzymes. Ina series of trials with these substances, in which solutions of 
each were inserted into the loop for 35 to 60 minutes, it was found that 
they were in large measure unabsorbed and were recovered in the loop 
contents. The actual recoveries were as follows: 


per cent 
Egg albumin after 60 minutes. . . 98 
Inulin after 60 minutes ; 93 
Raffinose after 60 minutes 93 
Raffinose after 35 minutes 92 
Glucose-urea after 35 minutes 97 


In one trial raffinose was hydrolyzed by acid before being inserted into 
the loop. Rapid absorption of the hydrolyzed sugar was noted. 

It is particularly significant possibly, as an indication that hydrolysis is 
an important preliminary to absorption, to note that a soluble substance 
such as glucose-urea, of low molecular weight, was recovered almost quan- 
titatively frem the loop. No hydrolysis of this compound occurred in the 
presence of intestinal enzymes. 

It is of interest to compare the digestive power of dog’s intestinal juice 
with the total digestive accomplishment of the loop as found in the absorp- 
tion experiments. This was done by calculating the quantity of intestinal 
juice that would have been necessary to hydrolyze the absorbed substances. 
The results are recorded in the last column of table 3. 

A brief protocol of one experiment for each of the substances studied 
will serve to illustrate the way in which these quantities were obtained. 


Experiment1. The free amino-N of the peptone used in this and the other peptone 
experiments made up 12.3 per cent of the total N. After complete acid hydrolysis of 
the peptone, the free amino-N was found to be 50 per cent of the total N. (Deter- 
mined both by formaldehyde titration and by the Van Slyke method.) This repre- 
sents an increase of free amino-N of 37.7 per cent. In experiment I, 57 mgm. of 
peptone N were absorbed in 125 minutes. The increase of free amino N during the 
hydrolysis of 57 mgm. of peptone would be 21.5 mgm. (57 X 0.377). Digestion studies 
of jejunal juice suggested that 1 cc. of juice may produce in 125 minutes 1.08 mgm. of 
amino N. Therefore 20 cc. of juice (21.5/1.08) would be required to produce the 
peptone digestion found in this experiment. Analysis of the loop contents did not 
reveal a high content of free amino nitrogen. That is, products of peptone hydroly- 
sis were not accumulating in the loop. 

Experiment 4. Twenty cubic centimeters of the starch solution used in this experi- 
ment yielded 450 mgm. of glucose on hydrolysis. The starch recovered from the 
loop after 63 minutes, yielded 189 mgm. of glucose on hydrolysis, indicating starch 
absorption, expressed as glucose, of 261 mgm. In addition the loop contents con- 
tained 13 mgm. of reducing sugar (expressed as glucose). The total digestive accom- 
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plishment then was 274 mgm. glucose. In vitro results suggest that 1 cc. of juice 
may produce 25 mgm. of sugar (calculated as glucose) from starch in 63 minutes at 
38°. Thus, 11 cc. of juice (274/25) would be required to effect the starch digestion 
noted in the experiment. 

Experiment 7. One thousand seven hundred and twenty-four milligrams of su- 
crose were absorbed from the jejunal loop in 39 minutes. The loop contents con- 
tained reducing sugars indicating a further hydrolysis of 212 mgm. of sucrose; 1 
ce. of jejunal juice may in 39 minutes hydrolyse 10 mgm. of sucrose; 194 cc. of 
juice would be required to effect the sucrose digestion observed in this experiment. 

Experiment 9. Four hundred and seventy milligrams of lactose were absorbed 
from the loop in 62 minutes. In one sample only, of several tested, was any lactase 
detected in intestinal juice, 0.45 mgm. of lactose being hydrolyzed in an hour by 1 
ec. of juice. On the basis of this feeble action over 1000 cc. of juice would be neces- 
sary for the hydrolysis of the lactose absorbed in this experiment. 


TABLE 4 


Rate of hydrolysis of peptone, sucrose and starch by centrifuged and uncentrifuged 
dogs’ intestinal juice 


AMOUNT HYDROLYZED PER CUBIC CENTIMETER PER HOUR 
EXPERIMENT - - — 


Peptone (amino-N) Sucrose Starch (maltose) 


mgm. mgm. mgm. 
Centrifuged 0.36 4.2 32.0 
Uncentrifuged 0.50 35.5 


Centrifuged 
Uncentrifuged 


Centrifuged 
Uncentrifuged 


The quantities of intestinal juice calculated as being necessary to account 
for the hydrolysis of peptone, sucrose or lactose in the absorption experi- 
ments reported here are in excess of the quantities actuaily observed as 
accumulating in this loop. Occasionally we have found an hourly accu- 
mulation of intestinal juice greater than 20 cc., but usually the quantity 
was less than 15 ee. per hour. 

The amylase activity of the juice is great enough to account for the 
hydrolysis of all the starch which disappeared from the intestinal loop. 

Attention should be called to experiments in which previous feeding of 
the animal did not markedly alter the rate of absorption of peptone or 
starch from the jejunal loops. 

In the case of peptone, sucrose and lactose, the discrepancy between the 
digestive power of intestinal juice for these substances and their disap- 
pearance from the intestinal loop makes it necessary to assume either that 


0.95 23.3 | 50.3 
1.42 39.0 | 73.2 
0.22 5.8 11.3 
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they are absorbed in part without being hydrolyzed or that the enzyme 
action is intimately associated with the mucosal cells. With the possible 
exception of lactose we are inclined to the latter view. The results of the 
comparison of the digestive activity of the juice and the total digestive 
accomplishment in the loop as measured by absorption are interpreted as 
indicating that erepsin and sucrase are enzymes of the intestinal mucosa 
Their presence in the intestinal juice may be the result of contamination of 
this fluid with enzyme containing mucosal cells. Support of this idea is 
gained when the enzyme activity of centrifuged and uncentrifuged juice is 
compared. Table 4 contains the results of three such comparisons. It 
will be seen that the uncentrifuged samples in which there was more or 
less suspended material, which probably contained cellular fragments 
detached from the mucosa, usually had a greater erepsin and sucrase con- 
tent than the centrifuged samples. The difference was not so conspicuous 
in the case of amylase, a result in accord with the view that intestinal juice 
amylase may have a different origin than the other intestinal enzymes. 
The amylase activity of the juice in our tests is almost the same as the 
amylase activity of normal dogs’ blood recently reported by Myer and 
Reid (1933). Does amylase of intestinal juice have its origin from blood 
rather than being a specific product of the cells of the intestinal mucosa? 

The results with sucrose and lactose are in essential accord with the early 
work of Réhman and Nagano (1903) who correlated sugar absorption from 
intestinal loops and the digestive accomplishment of the juice and mucosa. 
The apparently anomalous position of lactose among the disaccharides 
invites further investigation. 


SUMMARY 


Dogs’ intestinal juice has been obtained from Thiry loops located in the 
jejunum and the ileum. Its enzyme content with respect to peptone, 
starch and sucrose digestion has been measured. 

Observations on intestinal juice obtained before and after feeding and 
during histamine stimulation suggest that the volume of fluid secreted is 
an important factor in determining the enzyme concentration of this juice. 

The absorption of peptone, starch, sucrose and lactose from jejunal 
loops has been studied. 

The results, which have been discussed, indicate that the ereptic activity 
of intestinal juice is insufficient to account for the peptone that is appar- 
ently hydrolyzed during absorption. Sucrose, and lactose, are also ab- 
sorbed much more rapidly than would be predicted on the basis of the 
enzyme activity of the juice. Starch, on the other hand, disappeared 
from an intestinal loop at a rate commensurate with the amylase content 
of the juice. 


F. A. CAJORI 
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The purpose of the work to be presented in this paper was to determine, 
from a study of certain blood constituents, the quantitative effect of partial 
inanition superimposed upon muscular fatigue. 

The important chemical changes associated with the energetics of mus- 
cular activity center for the most part around the events of carbohydrate 
metabolism. Such subjects as the fuel and oxygen requirements, the 
efficiency of removal of metabolic products, the details of the intermediate 
metabolic processes, have all received thorough attention. 


The excessive production of acid as a result of contractile activity has commanded 
the attention of investigators since DuBois-Reymond (1). Ranke’s (2) recognition 
of it as lactic acid laid the foundation for the succession of brilliant researches which 
have followed. Those of Fletcher and Hopkins (3), Meyerhof (4) and Hill (5), Hen- 
derson and Dill and their collaborators (6) have been of the greatest importance. 
The relation of acidosis to fatigue was studied by Hastings (7), who found that the 
plasma bicarbonate of dogs severely exercised over several hours diminished, at first 
rapidly, then more slowly. The first effect was due to over-breathing, the second to 
the accumulation of fixed acid. Barr and Himwich (8) carried on an extensive study 
on human subjects and found that the decrease in plasma pH and bicarbonate, and 
increase in lactic acid were a function of the intensity of the work. Steinhaus and 
Rice (9) have followed the changes in the acid-base balance of dogs during and fol- 
lowing exercise of varying intensities and at varying environmental temperatures. 
The response of the organism to exercise at different environmental temperatures was 
found to vary from hyperventilation at high temperatures to hypoventilation at low 
temperatures, with the greatest accumulation of fixed acid appearing when the en- 
vironmental temperature was 40° 

Christensen (10) found that the blood sugar decreased below the resting level at 
the beginning of work, but rose again at the cessation of work or even before. There 
seemed to be no connection between the blood sugar concentration and the degree of 
fatigue. There also seemed to be no relation between body temperature and between 
alkali reserve and blood sugar level. 

Dische and Goldhammer (11) found that continuous running of their animals on 


1 This work has been conducted under a grant from the Douglas Smith Foundation 
at the University of Chicago. 
2 Dr. Zaven Seron assisted in many of the chemical analyses. 
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a treadmill for one or two hours led to a pronounced fall of blood sugar level and to 
a fall in the inorganic phosphorus. The acid soluble phosphorus, however, was 
increased. 


The investigators quoted have had to do with various chemical events 
incident to what might be termed “‘acute” fatigue. It was the purpose of 
this investigation to study certain of these events: a, when “acute”’ fatigue 
was induced in young animals on successive days over an extended period, 
and b, when fatigue of the same kind and degree was induced in the same 
animals under conditions of partial inanition. 

Except for a recent study of Cannon and his co-workers (12) on some 
conditions affecting the capacity for prolonged muscular work in which 
some of the animals were studied under fasting conditions, there are practi- 
cally no results available on the animal or human organism showing the 
effect of fatigue upon the various blood constituents in undernutrition. 

PLAN OF EXPERIMENTS. Young dogs were used whose weights at the 
beginning of the experiment were approximately 5 kgm., and at the end of 
the experiment about 8 kgm. The observations were made in four week 
periods and in one animal extended over a period of seven months. 

Control periods on normal diet alternated with periods of varying degrees 
of undernutrition. 

The form of exercise used consisted in running on a treadmill and swim- 
ming in a tank. 

The treadmill exercise consisted in running the dog daily for one hour 
on a horizontal treadmill at a rate of four to five miles per hour. The room 
temperature about the treadmill varied from approximately 23 to 27 degrees. 
Excessive panting and very rapid breathing were only observed at the 
higher rates of speed and in the markedly undernourished animal in which 
excessive fatigue was observable at a much earlier stage than in the animal 
in a normal state of nutrition. The recovery of the dog from this form of 
exercise was generally quite rapid. 

In the early experiments the temperatures of the animals were not re- 
corded. In later ones, however, the rectal temperature has been measured. 
A rise of one to two degrees has been observed immediately following the 
exercise. One-half hour after the cessation of the exercise, the temperature 
is still elevated from one-half to one degree. Two and one-half hours after 
the exercise period, the temperature is again normal. 

The swimming exercise consisted in having the dog swim for one-half to 
three-quarters of an hour in a tank of water at 38°C. To one of the dogs, 
dog 3, was added two 200 gram weights to insure his fatigue during the 
swimming period. This form of exercise proved to be more fatiguing than 
the treadmill, particularly during the period of undernutrition. Further- 
more, the recovery to the initial state was greatly delayed in the under- 
nutrition period. 
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The work done by the dog in swimming was apparently much greater 
than in the treadmill exercise. In spite of this, the rectal temperature, 
which was recorded in all the animals, never rose more than 2° above the 
initial temperature. It is probable that the dissipation of heat during the 
swimming was more efficient than in the treadmill experiments. 

In the exercise experiments, samples of blood for analysis were drawn 
under oil at the following times: 7:00, 8:00, 8:30, and 10:30 a.m. The 
animal was exercised between 7:00 and 8:00 a.m. and was fed after the 
drawing of the 8:30 a.m. blood sample. In the control experiments, the 
blood samples were drawn at 8:00 and 10:00 a.m. During each four week 
experimental period, analyses were made on the following days: Monday, 
Tuesday, Thursday, and Friday the first week; Monday and Thursday the 
three succeeding weeks. 

The following analyses were carried out on the serum of each specimen 
of blood drawn: pH, total carbon dioxide, lactate, phosphate, sugar, and 
potassium. 

ANALYTICAL METHODS USED. The serum pH was determined according 
to the colorimetric method of Hastings and Sendroy (13); the carbon di- 
oxide content by the gasometric method of Van Slyke and Neill (14); the 
lactate by the gasometric method of Avery and Hastings (15); the phos- 
phate by the method of Fiske and Subbarow (16); the sugar by the method 
of Folin (17); and the potassium by the method of Fiske and Litarezek (18). 
With the exception of pH, the concentrations are expressed as millimols 
per liter of blood serum. 

EXPERIMENTAL RESULTS. The changes which took place as a result of 
exercise and during the recovery period after exercise were uniform in 
direction and degree from day to day. This was especially true in the 
swimming periods in which much larger and more decisive changes took 
place. For this reason and because there was no evidence of cumulative 
effects of the exercise, the average values for a period have been used in 
the figures to represent the effects of the exercise and inanition. The 
changes are shown graphically in the accompanying charts in which the 
average concentrations for a given four week period on one dog are plotted 
against the time at which the blood samples were drawn.’ The changes in 
individual constituents will be discussed separately. 

pH (chart 1). Treadmill exercise in general caused a slight rise in pH. 
Undernutrition had no significant effect on the pH change. 

Swimming at 38°C., on the other hand, caused a pronounced change in 
the opposite direction, i.e., a decrease in pH which, in the case of dog 1, 
was much greater when the dog was undernourished than when on a normal 
diet. The return to normal in this case was slightly retarded. 


3 Copies of the tables from which the charts were made, and the data on other 
dogs, may be obtained by applying to the authors. 
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Bicarbonate (chart 2). Values for bicarbonate concentrations were 


calculated from the experimentally determined total CO, and pH values 
HCO 

by means of the Henderson-Hasselbalch equation, pH = pK’ + log a ag 


and the relation (HCO;) = (Total CO.) — (H.COs). 


mi bicarbonate per Siter 


9:00 
Chart! 


tension 


S 


6. 


Fig. 1. Effect of fatigue and partial inanition on 1, pH; 2, concentration of bi- 
carbonate, and 3, acid-base balance of the blood serum. The lines designate the 


following experimental conditions: 
— Swimming, normal diet; Swimming, reduced rations; 
Treadmill, normal diet; Treadmill, reduced rations. 


A fall in bicarbonate concentration occurred in every case after exercise. 
This decrease was comparatively small for treadmill exercise, very great 
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for swimming. With treadmill exercise, undernutrition caused by half- 
rations produced a slightly larger decrease in bicarbonate. Undernutrition 
and swimming appear to have caused a greater decrease in bicarbonate. 
The return to normal was also retarded. 


per liter 


@ 


mM su 


J/actate per iter 


9:00 
Chart5 


mM potassium per liter 


phosphate per titer 
w 


8:00 900 
Chart 6 


Fig. 2. Effect of fatigue and partial inanition on concentration of 4, lactate; 5, 
sugar; 6, inorganic phosphate, and 7, potassium in the blood serum. The lines desig- 
nate the following experimental conditions: 

—_——— Swimming, normal diet; ---------- Swimming reduced rations; 
Treadmill, normal diet; ........Treadmill, reduced rations. 


Acid-base balance (chart 3). The difference in the effect on the acid- 
base balance between treadmill exercise and swimming is shown clearly 
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when the pH and HCO; are plotted on triaxial graph paper according to 
the method of Hastings and Steinhaus (19). When plotted in this manner 
it is evident that treadmill exercise caused a displacement in the direction 
of carbon dioxide deficit, while swimming, on the other hand, shifted it in 
the direction of fixed acid excess. With undernutrition the effect was 
greater than with a normal diet, especially when fatigue was produced by 
swimming. 

Lactate (chart 4). In every case fatigue was accompanied by an increase 
in serum lactate. When due to treadmill exercise, the increase was small. 
With an increase in the severity of the exercise, the rise was greater, and 
when the animal was on half-rations, a still greater increase was observed. 

Swimming produced very great increases in lactate concentration. As 
in the case of the bicarbonate, a greater change was evident in periods of 
undernutrition and the return to normal was more retarded. In no case 
was the return to normal complete at the end of a half-hour. 

Sugar (chart 5). No change in sugar concentration in the serum took 
place as a result of exercise on the treadmill. On the other hand, swim- 
ming produced a distinct rise in sugar concentration in dog 1, an effect 
which was accentuated in the periods of undernutrition. As in the case 
of lactate and bicarbonate, the return to normal occurred more slowly with 
undernutrition than with normal diets. Whether or not these rises were 
incident to the exhaustion syndrome which characterized the swimming 
periods of these dogs or to other factors can not be stated at the present 
time. Further work is being carried on to determine the nature of these 
changes. 

Inorganic phosphorus (chart 6). A slight but definite fall in serum inor- 
ganic phosphate occurred after exercise in all cases except those of dog 1 
while swimming, where a considerable rise occurred. The degree of fall, 
when determined immediately after exercise, appears to be independent 
of whether the dog was on a normal diet or in a state of undernutrition. 
During the next half-hour of rest in the case of treadmill exercise, either a 
rise occurred if the animal was well nourished, or a fall if the animal was 
undernourished. During the half-hour of rest after swimming, a fall 
always occurred. In most instances there was a rise in phosphate in the 
10:30 sample. 

As the experiments proceeded, there was a gradual fall in the level of 
phosphate concentration for dog 1 from 2.42 to 1.48 millimols per liter. 

Potassium (chart 7). The changes in potassium concentrations as a 
result of exercise were not as consistent from day to day as were those for 
the other constituents that were determined. Too much faith cannot be 
placed in the average value, for at best it represents only the change that 
took place in the majority of cases. With one exception, the swimming 
period on half-rations, the change after exercise was small, an average of 
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0.3 mM or less, and was inconsistent in direction. With swimming in 
undernutrition there was a greater rise in potassium concentration after 
exercise, 0.55 millimol, followed by a return to less than the initial value. 

As the experiments proceeded, there was a gradual rise in the potassium 
concentration of the serum from 4.13 to 6.20 millimols for dog 1. This was 
in contrast to the fall in inorganic phosphate concentration which occurred 
at the same time. 


CONCLUSIONS 


The points of interest which seem to us to be definitely established in 
this paper are the following: 

1. If one regards an increase in fixed acids in the blood stream as one of 
the consequences of muscular fatigue, our results show that swimming was 
much more fatiguing than was the treadmill exercise. This is demonstrated 
both by the marked decrease in bicarbonate and the increase in lactic acid 
observed in the swimming experiments. On the other hand, the decrease 
in bicarbonate observed in the treadmill experiments is accounted for solely 
by the over-breathing which accompanied the exercise. 

2. Exercise accompanied by undernutrition produced changes in the 
fixed acids in the same direction as in the normal animal but of greater 
magnitude. This may mean that the physiological machine is less efficient 
for delivering oxygen and removing metabolic products from the tissues. 

3. It is also of interest that the return to the initial state seems to require 
a longer period in malnutrition than in the normal nutritional condition 
This is apparent in the physical condition of the animals and in the blood 
constituents studied after they had been subjected to the severe stress of 
swimming. 
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The excretion of exogenous creatinine was recommended by Rehberg 
(1926) as a measure of glomerular filtration and has been used by numerous 
investigators with little or no criticism (Poulsson, 1930a, 1930b; Ekehorn, 
1931; Holten and Rehberg, 1931; Nakazawa and Kesakari, 1930; Cope, 
1931, 1932; Hayman and Johnston, 1932; and Schmitz, 1932), but Shannon, 
Jolliffe and Smith (1932) have concluded from a comparison of the excre- 
tion of creatinine with xylose or sucrose, that the former is excreted in 
part by tubular secretion in the dog. The evidence for the use of the non- 
metabolized sugars for measuring the glomerular filtrate has been stated 
elsewhere and need not be reviewed here. 

In view of these facts we have compared the excretion of xylose and 
creatinine in normal men, and report the experiments in this paper. The 
excretion of urea has been followed at the same time because of its practical 
significance. Our subjects were healthy adult males (medical students) 
between the ages of 20 and 30, giving no previous history of hypertension, 
hematuria or albuminuria. They reported to the laboratory in the morn- 
ing without eating, or after taking the juice of one or two oranges. 

After a number of preliminary experiments it was found that the ad- 
ministration of 50 grams of xylose in water 90 minutes before the start of 
the first period, and 10 grams of creatinine 60 minutes before the start of 
the first period, gave us adequate plateaus of these two substances in the 
blood. In most experiments no urea was given by mouth. The amount 
of water which was given varied according to the diuresis desired. This 
factor, however, we were unable to control; the diuresis varied more or 
less inversely to the diarrhea, which was marked in some subjects, and 
absent in others. Blood samples were taken at 30 minute intervals 
throughout the experiment, and plasma concentrations of each substance 
were interpolated at the middle of each urine collection period. As a rule 
each urine collection period was 20 minutes. No attempt was made to 
secure basal conditions in our subjects, because the absolute values of the 
respective clearances were deemed to be less important than the relative 
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values. Due to the fact that the blood xylose concentrations were, 
as a rule, around 50 mgm. per cent, 1:5 filtrates were prepared. Our 
chemical methods were identical with those used by Jolliffe, Shannon and 
Smith (1932) and by Shannon, Jolliffe and Smith (1932). In those experi- 
ments in which the plasma creatinine was low we have determined the true 
creatinine in both plasma and urine by the methods reported by the above 
investigators. 

These thirteen subjects furnished 47 urine collection periods, which are 
tabulated by averages for each subject in table 1.1. One subject furnished 


TABLE 1 


A comparison of rylose, urea and creatinine clearances in man 


SUBJECT 


CM 


| CM cREATININE 
CM XYLose 


os 


| 
ocr 


2.4 
8.2 
4 


Mean 


12 periods. Three periods were collected from seven subjects. The 
remaining five subjects furnished &, 5, 2, 1 and 1 urine collection periods. 
The urine flow in every collection period reported here was above the appar- 
ent augmentation limit for urea for each subject, and varied from 1.7 to 
16.5 ce. per minute. The xylose clearance was found to be independent 
of the rate of urine flow within these limits, as is well known to be the 


1 Lack of space prevents inclusion of complete data, but it may be noted that 
no significant change occurs in the ratio of xylose clearance to the creatinine or 
urea clearances with change in rate of urine flow from 1.7 to 16.5 cc. per minute 
in the same individual. 


(Note that clearances are given per square meter of surface area) 
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J.S. 1.73 64 | 50.7 119.2 84 0 
K. S. 1.98 48 31.5 111.9 30 0 
F. M. 1.62 47 8 31.0 72.9 52 0 
S. D. 1.80 6 43.1 86.7 38 0.08 
O. K. 1.85 7 50.8 105.5 35 0.65 
M. P. 1.76 5 48.1 131.0 3 0.84 
S. T. 1.81 42.5 28.3 72.1 69 0.66 
E. K. 2.10 45.9 31.3 80.2 74 0.68 
A. R. 1.87 43.2 27.5 79.2 83 0.65 
G. G. 1.77 53.5 38.1 94.9 77 0.71 
52.0 35.5 85.1 64 0.68 
B. K. 2.10 40.1 27.4 64.3 60 0.68 
J. i. 1.82 51.3 32.9 85.7 67 | 0.64 
m7 1.84 62.9 36.6 91.4 1.74 0.69 
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case for urea and creatinine. The average xylose clearance (UV/P S.A. 
was 52.9 cc. per minute per square meter surface area with a range of 31.9 
to 79.9. The average urea clearance was 36.6 cc. per minute per square 
meter surface area varying from 22.5 to 54.2. The average creatinine 
clearance was 91.4 cc. per minute per square meter surface area varying 
from 50.0 to 141.0. The creatinine clearance averaged 174 per cent of 
the xylose clearance, while urea clearance averaged 69 per cent of the 
xylose clearance. 

Cope (1931) observed in a single subject that the creatinine clearance 
was independent of the plasma creatinine level between 1.2 and 8.06 mgm. 
per cent. We have examined two individuals at low and high plasma 
creatinine levels (2.4—-11.6 and 1.8—7.0 mgms. per cent, resp.) and obtained 
no evidence that plasma concentration influences the creatinine clearance. 
Shannon, Jolliffe and Smith (1932) found that the tubular excretion of 
this substance in the dog, following a single large dose, is apparently a 
linear function of the plasma concentration. 

The urea:xylose ratio as found in man and dogs is similar, both being 
around 0.70; the significance of this ratio is as yet unexplained. The 
creatinine : xylose ratio is distinctly higher in man than in the dog; in the 
former it is 1.74, while in the dog the greatest ratio in the published figures 
from this laboratory is 1.48. 

Accepting the validity of the xylose clearance as a measure of glomerular 
filtration, it thus appears that in man a quantity of creatinine is removed 
from the blood by some mechanism other than glomerular filtration, 
amounting to 74 per cent of the filtered quantity, or 42.5 per cent of the 
total creatinine excreted. There is ample evidence from comparative 
physiology to justify the belief that this additional moiety is removed 
from the (post-glomerular) blood by the renal tubules and excreted by 
them into the tubular urine, i.e., by tubular secretion. 


SUMMARY 


A comparison of the rate of excretion of xylose, urea and (exogenous) 
creatinine in 47 observations on 13 normal adult men yields the following 
figures for the cubic centimeters of plasma cleared per minute per square 
meter of body surface; urea, 36.6; xylose, 52.9, and creatinine, 91.4. 

It is concluded from these results that a quantity of creatinine is 
removed from the blood by some mechanism other than glomerular filtra- 
tion, amounting on the average to 74 per cent of the filtered quantity, or 
42.5 per cent of the total creatinine excreted. This additional moiety we 
believe to be excreted by tubular secretion. 


We wish to acknowledge our indebtedness to Dr. H. W. Smith for his 
advice in this study. 


NORMAN JOLLIFFE AND HERBERT CHASIS 
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In any change from the horizontal to the two vertical positions (head- 
down, tail-down) in the mammal, hydrostatic pressures are created within 
the blood vascular system and within the subarachnoid space with its 
cerebrospinal fluid. While in the vertical position the continuous fluid- 
columns within the arterial system play but little réle in affecting the pres- 
sure of the cerebrospinal fluid, these columns within the venous system 
become effective within the intradural veins and thus change profoundly 
the pressure of the cerebrospinal fluid. Likewise, within the subarachnoid 
space, the continuous column of cerebrospinal fluid is able to cause posi- 
tional pressure-changes within the fluid itself. The relative effects of 
these two columns of fluid (venous blood and cerebrospinal fluid) in caus- 
ing the pressure-change in the cerebrospinal fluid, on tilting animals from 
the horizontal to the two vertical positions, have not as yet been deter- 
mined. 

In Grashey’s (1) monograph on the hydrostatics and hydrodynamics 
of the cerebral circulation (including the cerebrospinal fluid) is found a 
theoretical discussion of the effect of the elasticity of vascular and menin- 
geal systems upon hydrostatic pressure-changes in the two fluids. Pfaund- 
ler’s (2) widely quoted study of the pressure of the cerebrospinal fluid in 
the erect child presents a definite apportionment of three factors—menin- 
geal elasticity, 8 per cent; vascular, 68 per cent; hydrostatic, 24 per cent. 
Pfaundler’s conclusions, while based upon an erroneous idea that pressure 
is a direct measure of elasticity and upon undependable determinations in 
the cadaver, are of interest in showing the wide spread general belief that 
the pressure of the cerebrospinal fluid represents a direct addition of fae- 
toral effects, particularly when the pressure is changed by assumption of 
the erect posture. 

Experiments of the writers (3), (5) upon the pressure-changes occurring 
in the cerebrospinal fluid on abrupt tilting of animals from the horizontal 
to the vertical head-down and tail-down positions, have yielded data which 
permit a possible evaluation of the two factors primarily concerned in the 
pressure-alterations about the nervous system during such positional 
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changes. In the ultimate analysis these pressure-changes are brought 
about by hydrostatic columns of fluid; these hydrostatic pressures affect 
the two fluids concerned (blood and cerebrospinal fluid) in the resultant 
positional pressure-changes, but in each the hydrostatic effects are modi- 
fied by the character of the elasticity of the investing structures. Thus 
the elasticity of the meninges permits, under conditions of such positiona| 
change, the dislocation of cerebrospinal fluid and allows measurable pres- 
sure-changes to occur in this fluid. Somewhat similarly, the hydrostatic 
pressures of the blood vessels of the body (and in particular, of the intra- 
dural vessels) are not wholly confined within the vascular channels them- 
selves but find reflection in the pressure of the cerebrospinal fluid—a re- 
flection due in turn to the elasticity of the intradural vessel walls which 
permits volume-changes to occur. Although fundamentally physical in 
nature, the meningeal elasticity is to be related to the morphological struc- 
ture of the tissues or meninges themselves (expansibility and collapsibility 
of the spinal dural tube, elasticity of the intervertebral and occipito-atlan- 
toid ligaments, ete.); the vessels’ elasticity on the other hand is, at least in 
part, physiological in that control of the vascular lumina may be referred 
to the vasomotor system. Accepting these generalizations, it becomes 
possible to look upon the positional pressure-changes in the cerebrospinal 
fluid as being dependent upon two clearly defined hydrostatic elements. 
The first of these we have termed “‘the meningeal factor’’—the hydrostatic 
changes in the pressure of the cerebrospinal fluid as modified by the elastic- 
ity of the meningeal sacs and their method of suspension within the body. 
The second factor, termed the “vascular reflection in the cerebrospinal 
fluid,” is the effect of the hydrostatic pressure-change within the intra- 
dural blood vessels as this pressure-change, modified by the physiological 
elasticity of the vessels themselves, becomes reflected upon the pressure 
of the cerebrospinal fluid. This reflection is dependent upon the excess 
of pressure-change in cerebral veins over the pressure-change of the cere- 
brospinal fluid itself; until the necessary excess is attained, no vascular 
reflection occurs. However, intracranial venous pressure-change even 
though of insufficient magnitude to be effective in the measured pressure- 
change of the cerebrospinal fluid in the intact animal, builds up a potential 
element, capable of becoming effective under certain special conditions. 
The data gathered from many types of experiments dealing with the 
abrupt tilting of animals have as yet not been assembled in relation to a 
possible analysis of the potentialities of the vascular reflection and of the 
meningeal factor in positional alterations of the pressure of the cerebro- 
spinal fluid. While the original experiments (3), (5), (6) were based on 
dogs, cats and macaques (4), the records here presented are confined to 
dogs of a fairly uniform size and age, with spinal lengths (occiput to last 
lumbar spine) approximating 400 mm. Various types of physiological 
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preparations were made and the reactions of these animals to vertical tilt- 
ing, head-down and tail-down, were studied. The cerebral venous pres- 
sures were determined in the superior sagittal sinus (7) while the pressure 
of the cerebrospinal fluid was recorded in the occipital region by an open- 
end manometer of 1 mm. bore. Measurement of pressure by the 1 mm. 
manometer was considered satisfactory because of previous work (6) demon- 
strating its accuracy; the quantity of fluid dislocated into or from this 
small-bored manometer was so minute as to be easily accommodated by the 
animal. The average pressure-changes, both in the cerebrospinal fluid 
and in the superior sagittal sinus, are gathered together in table 1. 
Analysis of table 1 has strongly suggested to the writers that these two 
factors, meningeal element and vascular reflection, do not necessarily 
participate jointly in determining such positional pressure-changes in the 


TABLE 1 
Average positional changes in pressure in the occipital cerebrospinal fluid and in the 
superior sagittal sinus 


HEAD-DOWN TAIL-DOWN 
PREPARATION ‘ 
C. 8. F. Sagittal C.8.F Sagittal 


mm. saline’ mm. saline' mm. saline’ mm. saline 


Intact animal, living... 105 184 74 80 
Trephined animal, living 105 184 57 80 
Laminectomized, thoracic and lumbar re- 

gions, living..... 184 184 75 80 
After ligation of spinal dura in uppermost 

thoracic region, living 105 186 185 226 
Intact animal, immediately after death. 227 291 231 276 
Intact animal, one week after death 83 81 
Intact animal, vascular injection with gela- 

tine. 76 76 


cerebrospinal fluid, but that the measured pressure-change of this fluid, 
under conditions of minimal volume-dislocation, would seem to be capable 
of determination solely by one of the two factors (either meningeal ele- 
ment or vascular reflection). The reasons for this general conclusion are 
many: the argument can best be presented by discussion of each prepara- 
tion and by assay of the relative importance of each of the two factors con- 
cerned in the pressure-alterations on tilting from the horizontal to the 
two vertical positions. 

To eliminate the blood vascular elements in these reactions, a number of 
dogs were placed in a refrigerator for a week or ten days after death, and 
others were subjected to complete vascular injections with gelatine. Such 
dogs gave, on tilting, pressure-alterations of the occipital cerebrospinal 
fluid which were of approximately the same magnitude on head-down and 
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tail-down tiltings (76 + mm.). The slightly higher values in the animals 
with complete clotting of the blood were interpreted as being due to the 
hydrostatic heights of continuous columns of serum freed during clotting 
of the blood. 

It is highly probable that in these two types of preparations, the menin- 
geal factor alone was operating. ‘The elasticity of the dural sac was quite 
like that of the living animal as no essential disintegration of tissues had 
been allowed to occur; determination of the stretch of an isolated strip 
of spinal dura mater from such an animal indicated a slight but hardly 
effective loss in elasticity. The reactions would seem to be purely physi- 
cal as the system consisted wholly of physical elements (as in the meningeal 
system) rather than one with potent physiological adjustments (as in the 
vascular system). 

Such identities in reaction on the two types of tilting are quite different 
from those of the intact living animal which on head-down tilting exhibited 
pressure-increases in excess of those given in animals where the vascular 
factors were excluded by clotting or by gelatine-injection. The pressure- 
change of 105 mm. (table 1) in the occipital cerebrospinal fluid in the intact 
living dog may therefore be compounded of a meningeal factor and a re- 
flection of the increase of 184 mm. in the pressure of the sagittal sinus. In 
the contrariwise tilting in the intact animal, pressure-changes of 74 mm. 
in the cerebrospinal fluid and of 80 mm. in the sagittal sinus were recorded 
as the average decreases.! This pressure-decrease in the fluid is of the 
same magnitude found in the gelatine-injected dog. As the pressure- 
decrease in the superior sagittal sinus exceeds but slightly that of the cere- 
brospinal fluid, the change in the venous pressure here does not measurably 
affect the pressure-change in the cerebrospinal fluid, the two pressures 
being altered in the same direction and to almost the same extent. This 
similarity in the pressure-decreases may therefore be interpreted as indi- 
cating that in the intact animal the recorded pressure-decrease is deter- 
mined by the elasticity of the dural sac, as this modifies the hydrostatic 
pressure-change in the cerebrospinal fluid itself. The vascular reflection 
in this reaction in adult animals is apparently absent. 

Taking the trephined animal as the next preparation for analysis, it is 
seen from table 1 that the head-down tiltings give pressure-increases in 
the cerebrospinal fluid and sagittal sinus of exactly the same extent as in 
the intact animal. The pressure-increase in the cerebrospinal fluid may 


1 These averages are taken from the group of adult animals in which on tilting 
great stability of vasomotor reaction is noted. Other dogs, particularly young adult 
and juvenile animals, exhibit great lability of vascular reaction, the pressure-de- 
creases in the sagittal venous sinus being greatly in excess of the average for the adult 
animals. In such immature dogs, the analysis of the tail-down pressure-decreases 
in the cerebrospinal fluid necessarily includes a vascular reflection which in adult 
animals seems lacking. 
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be looked upon as constituted of a meningeal factor of 76 mm. (judging 
from the reactions of the gelatine-injected animal) and the same vascular 
reflection which was encountered in the intact preparation. On the tail- 
down tiltings, the trephined animal gave pressure-decreases in the cere- 
brospinal fluid considerably less than those of the intact preparation; the 
decreases in sagittal venous pressure were the same as in the intact animal. 
By trephining the skull, only the anatomical arrangements about the cen- 
tral nervous system were altered: the cranial dura prevented any outward 
distention of the space but allowed an inward collapse. As the hydro- 
static pressure-change in the cerebral veins was unaffected by this opera- 
tive procedure, the reaction may be looked upon as showing a meningeal 
factor of 57 mm. and a vascular reflection which if present at all is so small 
that it has no measurable effect upon the meningeal element. 

In those animals in which the whole extent of the thoracic and lumbar 
subarachnoid space was exposed to atmospheric pressure, the tail-down 
tiltings gave pressure-decreases in the cerebrospinal fluid of the same mag- 
nitude as in the intact animal. The interpretation of the two factors 
concerned in this pressure-decrease in the laminectomized dog may there- 
fore be viewed in the same way as in the intact animal, the meningeal ele- 
ment representing the whole extent of the pressure-decrease and the vascu- 
lar reflection being wholly absent. On the other hand, the head-down 
tiltings gave pressure-increases in the cerebrospinal fluid of 184 mm. with 
identical changes in the sagittal venous pressure; here the experimental 
procedure did not affect the pressure-change in the cerebral veins but al- 
tered the meningeal element by exposing the whole spinal dura mater to 
atmospheric pressure. On the basis solely of this type of experimental 
preparation, these head-down reactions might well represent the result of 
two pressure-increases of exactly the same extent in both the cerebrospinal 
fluid and the cerebral veins. The effect of the one upon the other of these 
pressure-changes would be nil. 

In addition to these experiments, observations have been made on in- 
tact animals immediately after death, where vasomotor control of blood 
volumes and pressures (both arterial and venous) is entirely eliminated 
but where the blood remains fluid in the arteries and veins and so follows 
the general laws of hydrostatics. Such intact post-mortem preparations 
exhibited similar pressure-alterations in the cerebrospinal fluid on the two 
types of vertical tiltings, while the changes in cerebral venous pressures 
were somewhat greater. In these reactions in dogs immediately after 
death, the meningeal factor is not disturbed and should be considered to 
be of the same magnitude as in the living intact animal. The vascular 
reflection here becomes great due to the absence of vasomotor control and 
the existence of continuous fluid-columns throughout the veins of the body. 
The pressure-change in the cerebrospinal fluid (230 mm.) may be looked 
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upon as one determined largely by the pressure-change of 284 mm. in the 
sagittal sinus, or as one whose magnitude depends both on the meningeal 
factor and on the vascular reflection from the pressure-change in the cere- 
bral venous channels. 


CORD LIGATED 


MINUTES-> 


Chart 1. Experiment A 50; dog, adult female, with spinal length of 410mm. The 
animal was in the horizontal position except during the intervals marked by solid 
blocks (vertical head-down) and by cross-hatched blocks (vertical tail-down); the 
pressure of the cerebrospinal fluid was measured in the cisterna magna. At the 
point indicated, a ligature passed around the spinal dura mater in the uppermost 
thoracic region was tightened, thus excluding the cerebrospinal fluid of the thoracic 
and lumbar regions from participation in pressure-reactions in the occipital cerebro- 
spinal fluid. 


The remaining type of experimental preparation, with ligation of the 
spinal cord in the lowermost cervical or in the uppermost thoracic region 
and with the laminectomy restricted merely to the space necessary for 
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passing a ligature about the spinal cord, furnishes data of pertinence to 
the whole thesis. In these animals the isolation of the thoraco-lumbar 
subarachnoid space from cranio-cervical portion was subsequently demon- 
strated by injection of india ink, thus removing the possibility of any com- 
munication through the ligature. In this type of preparation (chart 1 
and table 1), the head-down tiltings yielded the same increases in the pres- 
sure of the occipital cerebrospinal fluid and of the superior sagittal sinus 
as did similar positional alterations in the intact animal. The tail-down 
tiltings, with the whole splanchnic area presenting a reservoir for hydro- 
static flow of the blood due to vasomotor paralysis from the ligature, 
gave pressure-decreases more than double those of intact preparations. 
With the identity in the head-down pressure-reactions of the cerebrospinal 
fluid, in the intact dog and in the dog with ligated cord, one is led inevi- 
tably to the interpretation that the pressure-increase in the cerebrospinal 
fluid on such head-down tiltings is determined by the vascular reflec- 
tion, and in turn is unaffected by the decrease in the meningeal mecha- 
nism through the exclusion of a large part of the spinal subarachnoid space. 
That the pressure-increase of the cerebrospinal fluid in the dogs with ligated 
spinal cords should be exactly the same as that of the intact animal on 
such head-down tilting must be far more than mere coincidence: it can 
best be taken to mean that the pressure-increase, due to one of the two 
factors (here the vascular reflection), is alone necessary to account for the 
pressure-change recorded in the cerebrospinal fluid. One may therefore 
construct a diagram (as in chart 2) showing a parallelism of effects result- 
ing in pressure-change which (under conditions of minimal fluid-disloca- 
tion) is capable of determination by either the meningeal element or the 
vascular reflection. 

In chart 2 this parallelism of effects is set down for the various types of 
experimental preparation; but because of the apparent existence of a 
“potential”? phase of the vascular reflection, words of explanation are 
necessary. The pressure-changes in the cerebral veins are capable of af- 
fording a “vascular reflection’ upon the pressure of the cerebrospinal fluid, 
only when the magnitude of the venous pressure-change exceeds the pres- 
sure-change of the fluid itself as brought about by the meningeal element 
on such positional change; this excess of venous pressure-change must 
however be great enough partially to overcome the elasticity of the ve- 
nous walls before it can be reflected upon the pressure of the cerebrospinal 
fluid. Pressure-changes in the intradural venous channels occur in all 
positional changes, and are devoted to building up a vascular pressure- 
change which may or may not achieve the necessary magnitude to form a 
true vascular reflection, as this finally affects the pressure-change in the 
cerebrospinal fluid. Such a building-up of a pressure-change within the 
cerebral veins may be looked upon as a potential (non-effective) vascular 
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Chart 2. Diagrammatic representation of the factors participating in positional 
pressure-changes of the cerebrospinal fluid, as measured in the occipital region with 
minimal volume-dislocation. The ordinates represent millimeters of saline. The 
average measured pressure-change of the occipital cerebrospinal fluid is indicated 
by the maximum height in either of the two parallel columns for the vertical head- 
down and tail-down tiltings. The dentate edge of the factors portrayed for the 
animal with ligated cord represent approximate and not determined levels; the 
squared-ends of the factoral columns represent actual measured pressure-changes or 
calculated pressure-changes. 
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reflection; it takes place in all preparations in which the blood is fluid and 
affords a pressure-basis from which the true vascular reflection may be- 
come effective and actual. 

Thus in chart 2 there is portrayed in solid black this potential vascular 
reflection which is effective only when the venous pressure-change exceeds 
by sufficient degree that of the meningeal factor in the cerebrospinal fluid. 
In a typical example, that of the intact animal on head-down tiltings, the 
meningeal factor of 76 mm. has alongside a potential vascular reflection 
of the same extent, while the remainder of the final pressure-change of 105 
mm. in the cerebrospinal fluid is made up of an effective or actual vascular 
reflection. Again, in the head-down tiltings of the dogs with ligated spinal 
cords (chart 2), the decrease in the meningeal factor (due to exclusion of 
the spinal subarachnoid space) increases the effective vascular reflection 
and diminishes the potential vascular reflection, so that the resultant pres- 
sure-change in the cerebrospinal fluid becomes determined solely by the 
vascular reflection. 

The identity of the head-down pressure-changes in the cerebrospinal 
fluid in the intact dog and in the dog with ligated cord, indicates that the 
pressure-change of 184 mm. in the sagittal sinus is capable of causing an 
increase of 105 mm. in the cerebrospinal fluid whether the whole subarach- 
noid fluid column is effective or not. Such a conclusion leads to the as- 
sumption that the total vascular reflection (potential and actual) in the 


cerebrospinal fluid, which may under any circumstance be due to hydro- 
static columns of venous blood, is proportionate to the pressure-change in 
the cerebral venous channels. Proceeding on this assumption, Pr may 
be taken to represent such a vascular reflection (potential and actual) and 
Pv the pressure-change in the intradural venous channels; then 


Pr« Pv or Pr=K Pv «.K= Pp 
If the values for the head-down tilts be taken as typical, 105 mm. of pres- 
sure-change in the cerebrospinal fluid may be substituted for Pr and 184 
mm. of sagittal venous pressure-increase for Pv. K thereby becomes 
105/184 or 0.57. In other words, 57 per cent of the venous pressure- 
increase in the sagittal sinus represents the extent of the total vascular 
reflection (potential and actual) occurring in the cerebrospinal fluid on 
head-down tiltings in the intact animal and also in the trephined, laminec- 
tomized, and cord-ligated animals. A different value of K (0.81) is obtained 
from the average pressure-changes in the preparations after death, and 
still another in those animals in which vasomotor paralysis exists. ‘The 
proportion between cerebral venous pressure-change and pressure-change 
of the cerebrospinal fluid holds of course only throughout the normal range. 
As the extent of the total vascular reflection (potential and actual) is 
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dependent upon the elasticity of the vessel walls in the dural sac and as the 
elasticity of the sac and its contents has been shown to be the same on 
head-down and tail-down tiltings (6), it would seem possible to apply the 
findings in the tail-down tiltings. For the living intact animal, the pres- 
sure-decrease of 74 mm. in the cerebrospinal fluid has already been in- 
terpreted as representing solely the meningeal factor. These tail-down 
tiltings are accompanied by average pressure-decreases of 80 mm. in the 
sagittal sinus. If this decrease of 80 mm. be multiplied by the value of 
K given above (0.57), the total vascular reflection becomes 47 mm.; this is 
entirely potential and not actual as it is smaller than the meningeal factor 
in this tail-down reaction in the intact animal. And as the vasomotor 
mechanism was not interfered with in the trephined and laminectomized 
preparations, the same potential vascular reflection of 47 mm. may be 
included in chart 2. 

Consideration of all the data from these tilting experiments where the 
volume-dislocation into the manometers is minimal, leads one to the con- 
clusion that in intact living animals the pressure-changes in the cerebro- 
spinal fluid will always be the same as, or will exceed, the pressure-changes 
of the purely meningeal factor as determined in the dogs with solid masses 
in the blood-vessels. A pressure-change in the cerebral veins of consider- 
ably greater magnitude than the meningeal factor is necessary to affect 
this minimal pressure-change in the cerebrospinal fluid. When the pres- 
sure-change in the sagittal sinus achieves the necessary magnitude to in- 
crease the pressure-alteration in the cerebrospinal fluid, this venous pres- 
sure-change will continue to be reflected in the cerebrospinal fluid to the 
same extent, irrespective of change in the meningeal factor. On the other 
hand, the minimal pressure-change in the cerebrospinal fluid (as deter- 
mined by the meningeal factor, 76 mm. in dogs of 400 mm. spinal length) 
can be altered by change in the meningeal fluid-column, but only when the 
vascular reflection is so small as to be ineffective. 

This generalization regarding positional pressure-changes in cerebro- 
spinal fluid and in sagittal venous system holds only where measurement of 
the pressure of the cerebrospinal fluid is made under conditions of minimal 
volume-dislocation (1 mm. or “bubble”? manometer). Emphasis has been 
placed throughout on this qualifying limitation, as experimental experi- 
ence (6) has demonstrated a definite relationship between fluid dislocated 
(i.e., volume-change) and the pressure-changes in the cerebrospinal fluid. 
In any analysis of the two factors (meningeal element and vascular re- 
flection) concerned in positional pressure-alterations, the changes in the 
cerebrospinal fluid pressures must be recorded under conditions of minimal 
volume-dislocation either into or from the manometer. 

All of these deductions and findings arouse speculation as to the general 
relationship of the intradural blood pressures to the pressure of the cere- 
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brospinal fluid on such positional changes. As these pressure-changes, 
both in the veins and in the cerebrospinal fluid, are dependent upon the 
effective hydrostatic heights of individual fluid-columns as modified by 
meningeal and vascular elasticities, the total effect must be due to the 
greater of the two columns; under no circumstances could this effect be 
the addition of the two columns. The profound changes which occur in 
the pressures of the superior sagittal sinus (cerebral venous) on head- 
down tilting in the intact animal (table 1) are in marked contrast to the 
alterations in this pressure which are found in contrariwise tiltings. Al- 
though there is great variation in the extent of the two pressure-changes 
from animal to animal, the intracranial venous pressure-change on head- 
down tiltings always exceeds markedly the increase in the pressure of the 
cerebrospinal fluid, while on tail-down tiltings the sagittal pressure-de- 
crease is customarily but slightly greater than the pressure-decrease in 
the occipital cerebrospinal fluid. 

Analysis of these data leads therefore to the hypothesis that in such 
positional changes the pressure-alterations in the cerebrospinal fluid re- 
flect the hydrostatic effects of the dislocation of the fluid itself as well as 
the hydrostatic effects coming through the intradural blood vessels upon 
the fluid. The effect then may be determined by the meningeal element 
and the vascular reflection acting together but under conditions of minimal 
volume-dislocation the resultant pressures are changes which may be de- 
termined by one of these factors. 


SUMMARY 


An analysis of the factors concerned in the pressure-alterations in the 
cerebrospinal fluid, as effected by abrupt alteration of the animal’s position, 
has been made from data gathered from living etherized dogs subjected to 
different experimental procedures (intact, trephined, laminectomized 
throughout lumbar and thoracic regions, spinal cord ligated in uppermost 
thoracic region) and from dead dogs of similar size (immediately after 
death, one week after death, and those with complete gelatine injections 
of the vascular channels). The suggestion is put forward that the two 
factors concerned—meningeal element and vascular reflection—are not 
additive in final effect upon the pressure-change in the cerebrospinal fluid, 
but that the pressure-change recorded under conditions of minimal volume- 
dislocation may be determined solely by one of these two factors. 
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The essential réle of functional corpus luteum tissue and its secretion, 
progestin, in the formation of artificial deciduomata has been amply 
demonstrated (Loeb, 1907; Weichert, 1928; et al.). The present in- 
vestigation employs the production of the decidual response as a qualita- 
tive test for functional state of induced corpora lutea in the pregnancy- 
urine treated rat. The capacity of immature rats to produce deciduomata 
after pituitary treatment has been demonstrated (Shelesnyak, 1931, 


1933a). 

MATERIALS AND METHODS. A group of 144 immature female rats was 
employed. The average age of the animals at the beginning of the experi- 
ment was 21.6 days; the average weight, 32.4 grams. ‘Treatment consisted 
of daily injections of pregnancy urine concentrate and of uterine stimula- 
tion with thread loops during the course of injections. The amounts of 
extract per day ranged from 0.25 to 20.0 Zondek-Aschheim units of preg- 
nancy-urine extract (Follutein*). A limited number of rats was given 
extract of urine (Zondek’s method) in 1.8 and 12.5 ec. equivalencies of 
whole urine. 

Uterine trauma was effected on the third to the twenty-second day of 
injection. The greatest number of animals was stimulated (i.e., uterine 
threading) on the 4th, 5th, 6th, 7th and 8th day ofinjection. Eighty-seven 
animals were included in this group and of these, the uteri of 16 were 
threaded on the fourth day of treatment, of 20 on the fifth day, of 16 on 
the sixth day, of 21 on the seventh, and 14 on the eighth day. The doses 
administered to animals of these groups were so distributed that 14 cases 


1 Aided by a grant from the National Research Council Committee for Research in 
Problems of Sex, administered by Prof. P. E. Smith. 
? University Fellow in Medicine. 
3’ The Follutein was furnished by E. R. Squibb & Son through the kindness of 
Dr. J. A. Morrell. 
693 


694 M. C. SHELESNYAK 


were given injections of 0.25 Z-A units of Follutein (Squibb) per day; 10 
cases were given 0.5 unit per day; 10 received 1.0 mouse unit; 5 received 
2.5 m.u.; 18 cases received 5.0 m.u.; 19, 10 m.u.; 2, 20 m.u.; and 9 cases 
received 1.8 or 12.5 ec. equivalency of concentrate. All dosage groups 
(0.25, 0.5, 1.0, ete.) include animals which were stimulated on the fourth to 
eighth day of treatment, with the exception of the group of 20.0 Z-A units 
per day. The remaining fifty-seven cases received daily injections of 10.0 
Z-A units per day and were stimulated on the third or the ninth or tenth, 
etc., to the twenty-second day of treatment. 

The total amount of pregnancy urine injected into individual animals 
from the beginning of treatment unto the day of uterine stimulation ranged 
from 1.0 m.u. (3 cases, 0.25 mu/day X 4) to 220 m.u. (one case, 10.0 mu/day 
X 22) (see chart). 

The uterine traumatization was effected with a modified silk loop 
method. Instead of passing the suturing needle crosswise through the 
lumen of the uterus a number of times, and tying loose loops each time, a 
single longitudinal passage of the needle was made along through the 
lumen of one horn of the uterus, and in passing, the threaded end of the 
needle was scratched against the antemesometrial wall. By threading the 
uterus in such a manner, two relatively removed sites of puncture with a 
connecting strip of traumatized antemesometrial mucosa are made. The 
modified method afforded greater traumatization with a single loop, and 
permitted sectioning of the fixed uterus with the thread in situ. The 
injections were continued for four days after the uteri were stimulated ; and 
autopsies performed the following day. The traumatized regions were 
fixed for microscopic study. 

EXPERIMENTAL RESULTS. The decidual cell reactions are grouped into 
two categories: a positive (+) group composed of macroscopic growths 
and of deciduomes occupying the entire cross-section of the uterus, and a 
plus-minus (=) group composed of decidual areas of lesser degree, usually 
determined only by microscopic examination. 

The results demonstrate the effectiveness of pregnancy urine in develop- 
ing functional corpora lutea (as tested by the capacity to induce decidu- 
omata formation). Of the total number of 144 cases, 38 (26.3 per cent) 
responded positively and 71 (49.3 per cent) cases were plus-minus reactions. 
The total percentage of response including all degrees of reaction was 
75.6 per cent. 

Distribution of responses with respect to variations in dosage and date 
of uterine stimulation was noted, and the coefficient of correlation between 
the factors (including only the cases which were stimulated on one of the 
first eight days of treatment) was computed to be 0.126. Although the 
coefficient is low, the distribution of responses shows definite trends. 
When positive cases are grouped in respect to dosage, a normal frequency 
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distribution is observed. The peak of this curve is at 2.5 and 5.0 Z-A units 
perday. When positive responses are grouped in respect to date of uterine 
stimulation, and without regard to dosage, a cyclic periodicity is suggested. 
The percentage positive cases per day was plotted and also exhibits a 
periodicity. The graph shows in the lower diagram, the number of cases 
and their responses plotted against the date of uterine stimulation; in the 
upper diagram, the percentage positive reactions per day. Maxima of 
responses appear at the fifth, thirteenth, and twentieth day of stimulation. 
The extent of the respective response periods was six, three, and two days. 
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Lower graph shows the number of cases, and the results, of pregnancy urine 
treated immature rats per date of uterine stimulation. 

Cross hatching denotes positive response 

Single hatching denotes plus-minus response 

Unhatched denotes negative response 

Upper graph shows the percentage of positive cases per day of uterine stimulation. 
(It is derived from the cross-hatched areas.) 


Discussion. It has been amply demonstrated that the capacity of the 
uterus to form deciduomata is dependent upon the physiologic state of the 
endometrium. Loeb (1907) has shown the necessity of corpora lutea and an 
active progravid uterus for the production of deciduomatous growths. 
His findings have been greatly extended: In the guinea pig, Weichert 
(1928); Nelson (1932) et al.; to the rabbit, Gasbarrini (1911); Hammond 
(1917); Nielson (1921); Biedl, Peters and Hoffstitter (1921); Courrier and 
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Kehl (1930); Friedman (1932) et al.; to the rat, Frank (1911); Corner and 
Warren (1919); Long and Evans (1922); Teel (1926); Weichert (1928); 
Brouha (1928); Brouha and Simmonet (1928); Goldstein and Tatelbaum 
(1929); Nelson and Pfiffner (1930); Allen (1931); to the mouse, Parkes 
(1929); and to the monkey (macaque), Engle and Shelesnyak (1933). 

Hisaw (1932) states, in a recent analysis of the literature, that “It now 
seems well established that these decidual growths can be produced only 
in the presence of functional corpora lutea.” Experimental evidences 
point out the availability of the use of the decidual cell reaction as a method 
of bio-assay of corpus luteum function in respect to endometrial activation. 

The use of immature female rats for the production of deciduomata has 
been reported (Shelesnyak, 1931, 1933a, b). A decidual cell reaction can 
be provoked in infantile rats which have received gonadal stimulation with 
hypophyseal implants and subsequent luteinization with basic extracts of 
pituitary (1931). This was regarded as evidence that the implant-treated 
prepubertal rat possessed a physiologically active uterus. Further study 
revealed that the gonadokinetic stimulus of the anterior lobe implants was 
not essential, since treatment with sodium hydroxide extracts of pituitary 
alone sufficed in establishing a responsive uterine substratum (1933a). 
The réle of a possible general somatic activator principle of pituitary sub- 
stances in decidual formation in the immature rat was tested by administer- 
ing oestrin and progestin, respectively, to spayed rats, in order that a 
uterus sensitive to trauma might be developed. After the uterus was 
stimulated, the results showed that the threshold for decidual response in 
the infantile uterus was, fundamentally, dependent upon the hormonal 
conditioning with ovarian secretions; and that the infantile uterus is 
potentially functional, regardless of the general state of maturity of the 
animal (1933b). From the reported work it is evident that the use of 
infantile rats for producing deciduomata as a method of demonstrating 
functionality of corpora lutea is warranted. 

The use of the decidual cell response in immature rats, as a method of 
assay of corpus luteum function, incorporates new quantitative thresholds 
for uterine activation. In a study of deciduomata in the anterior pituitary 
treated immature female rats (1933a), it was observed that discrete 
decidual growths could be formed in instances when rats were stimulated 
on as early as the fourth day of treatment, even before the establishment 
of the vaginal orifice, and as late as the sixteenth and twenty-fourth day of 
treatment. Brouha (1928) and Brouha and Simmonet (1928) stress the 
necessity of maintaining an oestrin level in the adult animal. They report 
that animals with basic anterior lobe treatment responded only between the 
third and the seventh day after oestrous (natural or amniotin induced) ; 
and never after the tenth day. The apparent discrepancies in results can be 
explained by a difference in activation levels between adults and immatures. 
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The presence of gross responses when uterine stimulation was effected on 
the ninth day, and of discrete microscopic areas as late as the sixteenth 
and twenty-fourth day shows that the sensitizing quantities of hormones is 
present during that period of time. Further evidences of a lowered thresh- 
old can be obtained from results of spayed, FSH-CL treated animals 
(1933b). In that series of experiments, the group of animals which 
received small amounts of substance (1 to 6 rat units of oestrin per day, 
and 0.5 to 4.0 grams equivalent of progestin per day) exhibited the greatest 
number and highest degree of decidual cell reactions. Although the lesser 
degree of response in the group of animals which received larger dosages of 
hormones may be due to factors involving purity of extracts, body absorp- 
tion and excretion, and their influence on the FSH/CL (oestrin-progestin) 
balance, such factors do not assume great magnitude since the frequency 
distribution of decidual responses was independent of the FSH/CL. 

In the present analysis, the frequency of decidual responses of pregnancy 
urine treated infantile rats suggests itself as a function of dosage. Positive 
decidual reactions have been observed in cases which were administered ¢ 
total of only 2.0 Z-A units of Follutein at the time of uterine stimulation 
(the fourth day of treatment). A positive reaction is recorded when 
uterine stimulation was effected as early as the third day of treatment. 
Such cases indicate the presence of a lower threshold. The greatest 
number of decidual responses in animals treated with from 0.25 to 20.0 
Z-A units of pregnancy urine, occurred in the rats which received 2.5 and 
5.0 units. It can therefore be seen that the dosage necessary to sensitize 
an infantile uterus to respond to trauma and form deciduomata is lower 
than that necessary for the adult. 

In reviewing the reactions of the pregnancy urine treated rats, where 
admittedly the number of cases per diem cannot be dealt with statistically, 
evidence of a rhythm of occurrence of responses against date of uterine 
stimulation is apparent. Over a range of uterine traumatization from the 
third to the twenty-second day of treatment, there appear three periods of 
increased reactivity (fig.). The first phase includes about ninety trials. 
This reaction period embodied thirty positive cases and extended over the 
third, fourth, fifth, sixth, seventh and eighth day of stimulation. The 
maximum of absolute and percentage positive cases falls on the fifth day of 
traumatization. The remainder of the trials were grouped into two reaction 
periods; the second period was over the eleventh, twelfth, and thirteenth 
day, maximal on the thirteenth day. The third period of activity was 
limited to the nineteenth and twentieth day of uterine stimulation. Posi- 
tive (+) responses did not appear at other times. 

The production of deciduomata after pregnancy urine treatment shows 
the functional state of the induced corpora lutea. It has been demon- 
strated (Weichert et al. 1928) that corpus luteum is essential for the pro- 
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duction of deciduomata; the secretion of progestin from induced corpora 
lutea therefore is evidenced by the uterine reaction to traumatization. 
The synergistic quantity of FSH and CL needed to produce a progestational 
endometrium is secreted by the intact, stimulated ovary. Initial growth 
of follicle (pre-luteinization development) suffices in secreting the necessary 
amounts of uterus-sensitizing FSH. Subsequent luteinization by preg- 
nancy urine results in secretion of the proper amounts of progestin to 
establish a progravid endometrium. This uterus is sensitive to trauma, 
and forms deciduomata. 

The appearance of periodic response phases over the time of stimulation 
implies the presence of a cyclic state of proper uterine condition. The 
induction of this state of periodicity may be due solely to a direct activation 
of the ovary by the injected pregnancy urine, or it may be due to an inter- 
action between the ovary, the pregnancy urine and the hypophysis. From 
the former hypothesis, it may be assumed that the first reaction of the 
stimulated ovary is a follicular development. The precociously formed 
follicles become luteinized and secrete the essential progestin. This 
succession of FSH (from the follicles) and CL (from the corpus luteum) 
“prepares” the uterus, and builds a trauma-sensitive endometrium, which 
is demonstrated by the first activity-phase of the graph (3rd to 8th day). 
Concurrent with the stated luteinization, a second order of primordial 
follicles is stimulated to grow. These follicles become corpora lutea. 
The time-relation of the development of the second order of corpora in 
respect to the first order is such that there is a short period of relative low 
CL-high FSH secretion (9th, 10th day) preceded and followed by relative 
high CL-low FSH secretion periods (3rd to 8th day, and 10th to 13th day). 
This rhythm is evidenced by the periodic appearance of decidual reaction 
phases which signify proper endometrial sensitization by FSH and CL. 
An attempt to explain at the present time the processes involved inthe 
production of this periodicity, if a multiple reaction-interaction be pro- 
jected (FSH, AP, PU) is inadvisable. 

It may be concluded that pregnancy urine is effective in inducing func- 
tional corpora lutea in the ovary of the infantile rat, as tested by the 
capacity of the uterus for deciduomata formation. A cyclic periodicity of 
responses against time has been noted.‘ 


SUMMARY 


1. A group of immature female rats was treated daily with various 
amounts of pregnancy urine concentrate, and the uteri were stimulated on 
different days of treatment. 


4 The work of Friedman (1932) on the production of decidual growths in the rabbit 
after intrafollicular injections of pregnancy urine does not parallel the experimental 
conditions under which the rats responded; since in the rabbit the lutein tissue 
formation was post-ovulatory, whereas in the rat, the lutein tissue entrapped the 
ovarian follicles. 
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2. The results demonstrate the capacity of pregnancy urine treatment 
for inducing functional corpora lutea in the infantile ovary, as assayed by 
the uterine capability of forming deciduomata. 

3. A periodicity of response over time (date) of uterine traumatization 


is described. 


The author wishes to express his indebtedness and thanks to Dr. Earl T. 
Engle for his guidance and encouragement. 
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The absorption of glucose from the intestine has attracted the attention 
of investigators of gastro-intestinal physiology for many years (Gold- 
schmidt, 1921; Magee, 1930; Cori, 1931). Seven years ago Cori (1925) 
published data from which he concluded that the amount of glucose ab- 
sorbed from the intestine of the rat in a given period when the gastro- 
intestinal tract was used as a physiological unit had no relationship to the 
concentration of the glucose introduced, and that in twice the time, twice 
the amount of glucose was absorbed. He also found a definite constant 
relationship between body weight and the amount of glucose absorbed in 
a given time. These observations were not in accord with those of Frey 
(1909) who, using intestinal segments, found that larger amounts of glu- 
cose were absorbed from a 10 per cent solution than from a 1.5 per cent 
solution. More recently, Pierce, Osgood and Polansky (1929) and Burget, 
Moore and Lloyd (1932) have published data from experiments where the 
entire gastro-intestinal tract was used, which would tend to question the 
validity of Cori’s (1925) generalizations.’ 

It may be that where the gastro-intestinal tract is used as a physiological 
unit the mechanism of absorption is different than when only segments of 
this unit are used. While the first type of experiment may give results 
which are more consistent with those obtained when sugars are ingested 
by mouth, it may not give data from which deductions may be drawn in 
regard to the activity of the small intestine when this portion of the intes- 
tinal tract is subjected to varying concentrations of glucose. 

One of us (Johnston, 1932), has reported a method of making a modified 
Thiry loop with which it is possible to obtain quantitative studies in un- 
anesthetized dogs. The absorption of a variety of substances is being 
studied in these loops (Cajori, 1932). In this paper we are presenting data 


1 Aided by a grant from the Faculty Research Committee of the University of 
Pennsylvania. 

2 Harriet M. Frazier Fellow in Surgical Research. 

3 Since this paper was sent for publication Trimble, Carey and Maddock (1933) 
have confirmed Cori’s (1925) observations when the entire gastro-intestinal tract of 
the dog is used. 
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concerning the absorption of glucose from jejunal loops, and including cer- 
tain observations which may in part harmonize our data with those of Cori. 

Metuop. The method of preparing the loops need not here be repeated. 
They were loops of the high jejunum and varied from 14 to 28 em. in 
length. In most instances, the animals were well-bred fox hounds, since 
these were easily trained to lie quietly for long periods. However, mon- 
grels have also been used. Animals with different body weights were 
chosen. 

In the majority of instances the experiments were begun four hours 
after feeding. This was done because it had been determined in prelimi- 
nary studies that a variety of conditions might affect the rate of absorption. 

A measured amount of the glucose solution to be used was introduced 
into a loop which had been previously irrigated with tap water and com- 
pletely emptied. After the introduction of the glucose solution the soft 
rubber Nelaton catheter, which extended to the end of the loop, was closed 
with a Hoffman clamp. At the end of each experiment the contents of 
the loop were withdrawn, measured and placed in a volumetric flask and 
the loop washed out with sufficient water to make up the volume desired 
for analysis. This varied from 50 to 1000 cc., depending on the concen- 
tration of the initial solution and the time interval. 

We have on a number of occasions immediately after the completion 
of an experiment in which the main catheter was kept closed repeated 
the experiment with the same solutions, but the system was permitted to 
remain open by attaching the catheter in the loop to a burette. 

All of the glucose solutions were freshly made from Bacto-Dextrose 
(Difco). The concentration of the glucose was determined in all instances 
by the Benedict method (1911) immediately before and at the completion 
of the experiment. The dilutions of the recovered solutions were of such 
an order that there was no great variation between the titration figures 
of the original and the recovered solution. 

Resutts. Six dogs were used in these experiments. The results were 
similar in all. The data given are typical of the entire group. We have 
been unable to find any histologic changes from the normal jejunum in 
these loops several months after their preparation. They showed normal 
peristalsis. The rate of absorption of glucose from similar concentrations 
under uniform conditions has been found to remain constant over a period 
of six months. 

Under uniform conditions, the rate of absorption with the same con- 
centration of solution in the same dog, from day to day, was nearly within 
the limits of error of the method. 

The data as given in the tables should, however, be compared with data 
obtained on the same day during a continuous experimental period, and 
not with what might have happened on a preceding or subsequent day using 
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the same dog. This is necessary because it is not always possible to 
reproduce exactly the conditions surrounding the experiments. 

The effect of varying the concentration of glucose. In the experiments in 
table 1 the volume of the solution introduced and the time of sojourn in 
the loop were kept constant. The experiments were planned to test the 
effect of concentration upon the total amount of glucose absorbed per 
unit of time. | With increasing concentrations there was of course an in- 
creasing amount of glucose exposed to the absorbing membrane. 

In general the amount of glucose absorbed from any jejunal loop which 
we have studied tended to vary directly with the concentration of the solu- 


TABLE 1 
The effect of concentration on the absorption of glucose 


| lo | 

| CONCEN- | CONCEN- 

| VOLU VOLU 

Bases LUME | TRATION | TRATION 
IN ouT aoe | 


TOTAL | TOTAL TOTAL 
IN ouT LOST 


Dog 941 


| grams | grams | } 
00 00 mgm. mgm mgm 


2.5 0.98 500 245 25: 
13.3 | 4.2 | 2,660 58: 


| 
| 


,075 | 


9 
29.0 7.9 | 5,800| 4,450/ 1,350 


34.2 | 16.0 | 6,840 | 5,620; 1,220 
55.0 | 15 11,000 | 8,200 2,800 


Dog 825 


34.2 3.2 | 6,840 | 5,555) 
55.0 | 21 11,000 | 8,470 
62.0 | ; 12,400 | 9,615 


5.3 | 3 | 1,060 | 693 
| 19.2 .4 | 3,840; 3,104 
36.5 | 37.8 | 16 | 7,560} 6,100 


tion used. It must be stated, however, that when the concentrations were 
increased only slightly in the same experimental period, there was often 
little or no changé in the amount of glucose absorbed. There was, for 
instance, frequently no appreciable change in the rate of absorption be- 
tween a 2 and 4 per cent solution, or a 6 and 8, or 30 and 35 per cent solu- 
tion in the time interval of 15 minutes. When, however, widely varying 
concentrations were used the amounts of glucose absorbed even in the 15 
minute period varied considerably. Where the fluid increased during the 
experiment, the pressure within the loop was increased since the catheter 
in the loop was closed. However, in no instance did the amount of fluid 


2 | 25 | 
6-29-32 , 20 50 
4 20 56 
, 20 35 
20 52 
i 20 33 1,285 
7-19-32 4 20 39 2,530 
20 39 2,825 
i 20 367 
7-26-32 | @ 736 
| 1,460 


ABSORPTION OF GLUCOSE FROM THE INTESTINE 703 


removed at the conclusion of an experiment even approximate the capacity 
of the loop. 

The exact amount of glucose removed for a given concentration may have 
varied from day to day, but there was no exception from the fact that on 
the same day concentration and amount absorbed varied directly with 
each other as long as the volume introduced remained constant. 

The effect of changing volume, concentration remaining constant. It is 


TABLE 2 
The effect of volume of the solution on the rate of absorption 


CONCEN- CONCEN- 
VOLUME VOLUME TOTAL TOTAL 
IN OUT IN OUT 
IN OUT 


Dog 941 


hours 


Tams per rama per 
per | grams 


100 
) 520 


( 
6 ¢ 1,040 


1 
4 
1 
4 


1,120 
1,680 
3,360 


30 6 3,060 
30 6 6,120 
30.6 11 9,180 
30.6 13.2 | 12,240 


Dog 825 


1,120 
1,680 
3,360 


20 30.6 8.5 3,060 

0 30.6 6,120 

8.0 30.6 9,180 

57.5 30.6 8 12,240 

50.0 71.0 30.6 9.6 15,300 


apparent that in the preceding series of experiments the area of intestine 
exposed to the solution varied, depending upon the osmotic pressure of the 
fluid which the loop contained. In order to evaluate the effect of volume 
the following experiments were conducted. 

In these the concentration of the solution introduced was kept constant 


while the volume was changed. This also resulted in different total 
amounts of glucose being available for absorption (table 2). 


99 20.0 16.0 256 264 
ee 40.0 | 235 2 447 593 
i 20.0 19.0 5.6 2:7 513 607 

7-9-32 i 30.0 29.0 5.6 3.6 1,044 636 
i 60.0 16.0 5.6 4.0 2,440 920 

4 10.0 38.0 2,275 785 

7-8-39 | 20.0 60.0 4,825 | 1,295 
30.0 67.0 7,350 1,830 

40.0 76.0 10,000 2,240 

} 20.0 22.5 5.6 3.5 788 332 

7-6-32 4 30.0 32.0 5.6 41 1,312 368 
} 60.0 62.5 5.6 43 2,688 672 

i 2,715 345 

} 5,000 | 1,120 

7-8-32 } 7,575 1,605 
10,400 1,840 

13,100 | 2,200 
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. In general with increasing volumes of any concentration there was an 
increased amount of glucose absorbed. It will be seen that for a given 

‘concentration there were often volumes where a change of 10 cc. made 
little difference in the rate of absorption, although the amount of glucose 
introduced may have been at considerable variance. However, as the 
volume was increased beyond this point for any concentration a larger 
amount was absorbed. Where increasing volumes of the higher concentra- 
tions of glucose were used the effect of volume was not always proportion- 
ally as great as that observed when increasing volumes of the lower 
concentrations were used. 


TABLE 3 
The effect of varying volume and concentration on the absorption of glucose 


Dog 941 


INCEN- | CONCEN- | 
votumEe | votume | CONCEN ONCEN 


| TRATION | TRATION | TOTAL 


IN oUT IN OUT | IN 
| | 
~| 


grams per | grams per | 


| 
100 ce. 100 ce. 


20.0 5.3 2 | | 646 
10.0 a } 20 | 690 


40.0 : 2.6 2: 1,040 463 
20.0 | 1,040 471 


20.0 as : , 980 1,000 
11.5 5 1,250 


20.0 y 7 3 58 1,030 


20.0 3 8.: 1,000 
9.0 ‘ ‘ 3,870 | 2,640 


The effect of varying volume and concentration. Since concentration and 
/ volume apparently affect the rate of absorption of glucose from the loops 
we attempted to evaluate these factors by introducing varying concentra- 
tions of glucose in such amounts that at the conclusion of each experi- 
ment the amount of fluid removed was comparable to that removed in a 
preceding experiment. 

In the data reported in table 3 different volumes of glucose of varying 
concentrations were placed in the loops. The concentrations and volumes 
were varied until the amounts of fluid removed after a 15 minute period 
were similar. This was accomplished by studying fluid shifts with differ- 
ent concentrations on the same day at 3 minute intervals. 

We have, in these experiments, varied both factors which were previously 


1 
DATE TIME | TOTAL TOTAL 
OUT LOST 
hours oe | | 
1 
6-32 414 
330 
7-- 7-32 577 
i 569 
1 ro 
4 510 
1 
7-13-32 550 
1,387 
1 
1,236 
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shown to affect the amount of glucose which was absorbed, in a uniform 
time, from a jejunal loop. Where the volumes of fluid removed were 
comparable and the concentrations used were not too greatly divergent, 
the amounts of glucose absorbed were similar. 

However, when the concentrations of the two solutions were widely 
divergent, there was often a marked difference in the amount of glucose 
absorbed even though the fluid volumes removed at the end of the 15 
minute period were quite comparable. 

The effect of time on the absorption of glucose. Other experiments were 
carried out in which the volunic and concentration of the solutions intro- 
duced were kept constant but the time interval was increased. The data 
obtained were in reality confirmatory of our previous findings,—that 
absorption from jejunal loops is affected by both the concentration and 
volume of the solution in the segment at any time period. No linear 
relationship between time and amount absorbed could be demonstrated 
since volume was constantly changing and concentration and rate of 
absorption fell continuously. 

Relation of weight of animal to amount of glucose absorbed. It has been 
stated (Cori, 1925) that in dealing with glucose absorption from the entire 
gastro-intestinal tract of the intact animal, there is a definite correlation 
between weight of the animal (rat) and the amount of glucose absorbed 
in a given time. In the animals used in the experiments reported in this 
paper no such relationship existed for the jejunal loop. 

Comparison of the rate of absorption with the open and closed systems. 
Comparisons have been made of the rate of absorption of glucose from open 
and closed jejunal loops during the same experimental period. In the 
open system the pressure in the loop remained constant while in the closed 
system pressure was not controlled. In every instance where comparisons 
were made in the same loop, the rate of absorption was greater when the 
system was closed. 

These experiments are important in that they show that rate of glucose 
absorption was at least not dampened by the use of the closed system. 
The differences in the rate of absorption can, in part at least, be explained 
von the volume of fluid and the amount of glucose which was exposed to 
the absorbing membrane at any one time. Obviously with the open sys- 
tem less fluid and glucose were in contact with the jejunal loop. 

The effect of the stomach and duodenum on solutions of glucose of varying 
concentrations. It is obvious that the data obtained from jejunal loops 
do not agree with the data obtained when the entire gastro-intestinal 
tract is used. The major difference in the two experiments lies in the fact 
that the stomach and duodenum are utilized in the one, and not in the 
other. Because of this we have investigated the changes in concentration 
of glucose solutions placed in the stomach of the unanesthetized dog (1933). 
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The concentration of the solutions varied from 3.5 to 50 per cent. At the 
end of one hour the fluid was removed from the stomach and small bowel. 
There occurs a rapid dilution of the hypertonic solutions in the stomach 
and the concentrations of the recovered solutions from the small bowel 
are quite uniform. When 200 cc. of a 26.3 per cent solution of glucose were 
placed in the stomach of the dog, the concentration of the glucose in the 
stomach at the end of one hour was 9.8 per cent, duodenum 3.4 per cent 
and jejunum and ileum 2.6 per cent. Even when 50 per cent solutions 
were used the concentration in the jejunum and ileum did not exceed 5.3 
per cent. In fact, the concentrations found in the small bowel one hour 
after the introduction of a wide range of concentrations in the stomach, 
are of an order which had these been placed in the isolated loop, no differ- 
ence in the rate of absorption may have been demonstrable. 

Discussion. The type of preparation which we are using provides 
a means of studying absorption from a gut loop whose nerve, blood and 
lymphatic supply is intact. The studies can be made in an unanesthe- 
tized animal and can be repeated at will over a period of months. From 
our studies we are led to the conclusion that properly cared for, these loops 
remain histologically and physiologically normal over an indefinite period. 

The method used by Cori (1925) permits of quantitative studies of ab- 

sorption from the whole alimentary tract in unanesthetized animals. 
Without doubt this method, which is similar to that used by Rubner 
(1902) and Kugler (1919), gives a more exact picture of what is happening 
in the organism as a whole. It does not, however, give a true picture of 
what will happen when the jejunum or ileum is exposed to varying con- 
centrations of glucose, such as would occur after gastro-jejunostomy 
jejunostomy, or in pyloric insufficiency. 
‘ Our method is characterized by the fact that we are using only a single 
segment of the intestine. From our experiments on the isolated jejunal 
loop of the unanesthetized dog we must conclude that under these con- 
ditions the concentration and the volume of the solution are important 
factors in the rate of absorption of glucose. We have at no time obtained 
data which could even remotely be interpreted as indicating that the rate 
of absorption is independent of the concentration of the glucose solution. 
When the volume of the solution introduced and the time are kept constant, 
increasing concentrations on the same day result in an increasing absorp- 
tion of glucose. 

We have shown that the concentrations of even markedly hypertonic 
solutions of glucose when placed in the stomach for one hour are greatly 
reduced and that the concentrations found in the small bowel, regardless 
of the concentration which is placed in the stomach, vary only slightly. 
In fact such differences in concentrations as are obtained from the small 
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bowel, when placed in an intestinal loop, may not show any variation in the 
rate of absorption. 

We have been able to investigate the interrelationship between volume 
and concentration by using different volumes of varying concentration so 
that the volumes of fluid removed after a period of 15 minutes were simi- 
lar in the experiments used for comparison. 

When the differences in concentration were not great and the volumes of 
fluid removed after fifteen minute periods were comparable, volume intro- 
duced seemed to be the more important factor in determining the amount 
absorbed, although in most instances the amounts absorbed were quite 
similar. When, however, similar requirements were set up, as regards the 
volume of fluid removed, but when the concentrations of the solutions 
varied greatly, more was absorbed from the solution with the greater initial 
concentration. This was true even though the volume of glucose intro- 
duced with the higher concentration was only 25 per cent of that of the 
lower concentration. 

Our data on the amount of glucose absorbed from the chronic jejunal 
loop in successive periods are not in agreement with Cori’s data obtained 
from the entire intestine of the rat. Cori (1925) concluded from his 
data that the rate of absorption was not affected by any change in the 
concentration of the solution so that in two hours the animals absorbed 
twice the amount absorbed in one hour when calculated per unit of body 
weight. Since our data from the jejunal loop were affected by both volume 
and concentration it is obvious that with changing volumes and falling 
concentrations, the amount of glucose absorbed would decrease in succes- 
sive periods. Consistently the glucose concentration and the rate of ab- 
sorption can be demonstrated to be falling throughout the experiment. 
On the basis of the data obtained when the glucose was placed in the stom- 
ach of the dog, the data of Cori may be more easily explained. The small 
intestine was not subjected to widely changing concentrations such as 
occurred in the jejunal loop. 

In no instance did the fluid introduced or removed in any of these ex- 
periments even approach the capacity of the loops. Where large amounts 
of the higher concentrations of glucose were used, it is possible that the 
increasing pressure in the loop may have dampened the rate of absorption. 
The increase in the amount absorbed when the closed system was used as 
compared to that absorbed from the open system, might be explained by 
the fact that with the closed system more glucose was constantly exposed 
to the absorbing membrane. 

Since the volume and the concentration were constantly changing during 
the interval of the experiment there was a constant interplay of these two 
factors influencing the rate of absorption. It is impossible from our data 


708 I. S. RAVDIN, C. G. JOHNSTON AND P. J. MORRISON 


to apply to each factor its exact importance in the process of absorption. 
The use of the gastro-intesiinal tract as a whole will undoubtedly give 
results which appear to be contradictory to those obtained when only a 
single unit of the tract is used. 

The work herein presented must be interpreted as showing that osmotic 
factors are active in the absorption of glucose from the intestine. 


CONCLUSIONS 


1. The loop method used in these experiments permits of repeated quan- 
titative studies of absorption from intestinal segments in an unanesthe- 
tized animal. 

2. These segments properly cared for remain in a constant state as far 
as absorption is concerned over an indefinite period. 

3. The rate of absorption of glucose from loops such as we were using is 
dependent in a large part upon the concentration and the volume of the 


solution used. 
4. With increasing concentrations of glucose increasing amounts are 


absorbed. 

5. With increasing volumes of the same concentration, increasing 
amounts are absorbed. 

6. When the amount of sugar absorbed is plotted against time no linear 
relationship can be demonstrated. The amount absorbed in increasing 
time periods is dependent on the concentration and the volume of the 
solution present during any given period. 

7. The effect of the stomach and duodenum on ‘le concentration of a 
hypertonic glucose solution is pointed out. 

8. When solutions of glucose varying in concentration from 3.5 to 50 
per cent are placed in the stomach of the dog, the concentrations of the solu- 
tions recovered from the jejunum and ileum at the end of one hour are 
remarkably constant. It is thus impossible to compare the data obtained 
where the gastro-intestinal tract is used as a whole with that obtained from 
a single segment of this unit. 


It is our pleasure to thank Dr. Samuel Goldschmidt for the advice which 
he constantly gave us during the progress of this work. 
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In a previous paper (Fevold et al., 1931) dealing with the hormones of 
the anterior lobe, experimental results were presented which indicated 
that the anterior lobe of the hypophysis secretes two sex hormones, namely, 
a follicular stimulating and a luteinizing factor. The evidence consisted 
of the physiological effect of two fractions of an aqueous pyridine extract 
of powdered sheep pituitary on the ovaries of immature rats. The un- 
fractionated pyridine extract brought the animals to sexual maturity with 
the production of great luteinization in the ovaries. The same tissue 
equivelent (0.1 gm. powder) of what we characterized as the water soluble 
fraction of the pyridine extract, produced much smaller ovaries but they 
showed primarily follicular development. The second fraction, charac- 
terized as being water insoluble, did not bring animals to sexual maturity 
and had no effect on the ovaries in the same comparative dosage. How- 
ever, if the two fractions were united and injected as before, large lutein- 
ized ovaries similar to those produced by the whole pyridine extract were 
formed. 

The water soluble preparation, however, when given in larger doses 
also produced lutein growth. This indicated either that the separation of 
two principles was incomplete or that follicular and lutein development in 
the ovaries of rats is dependent on a difference in dosage of one hormone. 
However, by further purification of the follicular stimulating fraction we 
have decreased its luteinizing potentiality very markedly so that it is 
possible to produce ovaries weighing 400 to 1400 per cent more than those 
of control animals and which in at least 50 per cent of the cases do not 


1 Assisted by grants from the Committee for Research on Problems of Sex, Na- 
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contain any indication of lutein development. On the other hand the 
whole pyridine extract or its unfractionated equivalent produces luteiniza- 
tion even though the increase in weight of the ovaries may only be 150 
per cent and in most cases when the ovaries are smaller. In rabbits, 
which have also been used as test animals, the follicular stimulating prepa- 
ration almost invariably elicits pure follicular growth while the unfrac- 
tionated extract or the combination of follicular stimulating and luteiniz- 
ing fractions produces ovaries which are luteinized except when very small 
doses are given (0.2—0.3 gm. equiv. sheep pit. powder). 

EXPERIMENTAL. Preparation of the non-fractionated extract. The prepa- 
ration and purification of an extract which produces the same physiologi- 
cal effect as the whole sheep pituitary powder or the crude pyridine ex- 
tract is carried out as follows: The pituitary powder is extracted with 50 
per cent aqueous pyridine as previously described (Fevold et al., 1931). 
The extract is evaporated and the solute is emulsified in water (50 cc. 
per 5 gm. dried sheep powder) and one-half volume of acetone is added. 
The precipitate is centrifuged off, reémulsified, reprecipitated and dis- 
carded. The precipitate contains very little follicular activity but does 
contain some luteinizing activity. The solution is concentrated at 40°C. 
to an aqueous sludge and four or five volumes of acetone are added. The 
precipitate is again centrifuged off and the supernatant liquid, which is 
inactive, is discarded. The precipitate is taken up in water (10 ce. per 5 
gm. of original pituitary powder) and centrifuged. To the solution are 
added 5 cc. of acetone and the precipitate which separates out is removed 
by centrifuging, reémulsified in water and reprecipitated from 33 per cent 
acetone. The 33 per cent acetone solutions which contain the active 
material are united and 3 or 4 volumes of acetone are added. This pre- 
cipitates the active material. It is removed by centrifuging, taken up in 
10 ce. of water and the purification, by means of 33 per cent acetone, is 
repeated as before. The final 33 per cent acetone soluble product is taken 
up in water or normal saline. When freshly prepared the solution is clear 
but a certain part of the contents is not truly water soluble. When this 
part is separated from the water soluble material by methods to be de- 
scribed it is quite insoluble in distilled water but is soluble in dilute alkalies. 
However, since alkalinity seems to be detrimental to the follicular stimulat- 
ing activity the product of the method which has been described is kept in 
neutral aqueous solution. Its physiological effect is the same as that of 
the whole sheep pituitary or of the whole pyridine extract, with the ex- 
ception that it is somewhat weaker for luteinization. 

Preparation of the follicular stimulating extract. In the preparation of 
the follicular stimulating fraction the residue from the fifty per cent aque- 
ous pyridine extract of the desiccated sheep pituitary or the solute after 
evaporation of the 33 per cent acetone extract, is emulsified in water (50 
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cc. per 5 gm. of original powder) and an equal volume of 99 per cent alco- 
hol is added. It is shaken well, allowed to settle, and centrifuged. The 
insoluble material is again precipitated from 50 per cent alcohol, after 
which it is quite free from the follicular stimulating substance. The 
precipitate may be more completely freed from the follicular stimulating 
factor by washing with distilled water. The 50 per cent alcoholic ex- 
tracts are united and evaporated to an aqueous sludge at 40°C. and four 
or five volumes of 99 per cent alcohol are added. The precipitate is cen- 
trifuged off, taken up in water (10 cc. per 5 gm. original powder) and 
alcohol added to make a 60 per cent alcoholic solution. The solution 
is shaken well and after flocculation has taken place the precipitate is 
removed by centrifuging and reéxtracted. The alcoholic extracts are 
precipitated by excess alcohol, redissolved in water and again purified by 
precipitation with 60 per cent alcohol. This is repeated until no precipi- 
tate is formed in the 60 per cent alcohol solution even after standing several 
hours. The solute is then precipitated by excess alcohol as before, dis- 
solved in distilled water and precipitated by the careful addition of 1 per 
cent hydrochloric acid to the iso-electric point. The precipitate is cen- 
trifuged off and discarded while the solution is precipitated with alcohol, 
dissolved in water or physiological saline and centrifuged. 

While the extract thus prepared can be injected either subcutaneously 
or intravenously, we have found it advantageous, when the material is to 
be injected subcutaneously in rats to slow down the absorption by pre- 
cipitating the material by tannic acid and injecting the tannate in colloi- 
dal solution. This accentuates the ovarian response and has no effect 
on the qualitative results. The unfractionated extract has also been 
injected in this manner so the methods of administration have been 
identical. 

Physiological effect on the ovaries of immature rats. Sexually immature 
rats 21 to 23 days old were used in testing the activity of the extracts. 
The rats were injected subcutaneously twice daily for five days with a 
quarter of a cubic centimeter of the preparation to be tested, each animal 
receiving the same volume of extract though the concentration of indi- 
vidual samples may differ. They were then killed on the morning of the 
sixth day, the ovaries removed, weighed, fixed and sectioned for micro- 
scopic study. 

Data are presented in table 1 for a representative group of preparations 
which illustrate the variation which may be obtained from different prepa- 
rations of the follicular stimulating extract. The activity of these prepa- 
rations for the stimulation of follicular growth and the relative inactivity 
for the production of lutein growth can readily be seen. Some prepara- 
tions seemed to be free from the luteinizing factor since only follicular 
growth was obtained in every case, even on the highest dosage given (0.8 
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gm. equiv.) and quite independent of the number of rats treated with that 
particular preparation (fig. 1) (ALOB and ALOE). Other preparations 
seemed still to contain some of the luteinizing factor since they produced 
ovaries which macroscopically showed only follicular development, but on 
microscopic study some enlargement of the theca interna could be found 
(ALOH). On higher dosages of certain preparations some fully formed 
corpora lutea are present but in these the number of corpora are usually 
few as compared to the number of follicles (fig. 3) (ALOH and ALOJ 
An extract which contains predominantly the follicular stimulating 
factor but which does have some of the luteinizing substance will show 


rABLE 1 


Effect of the follicular stimulating fraction on ovaries of immature rat 


ENLAKGEMENT AVERAGE 
FOLLICULAR FULLY FORMED 


PREPARATION ort a 
DEVELOPMENT CORPORA 
INTERNA ON ARIES 


ALOA 
ALOA 
ALOA 
ALOB 
ALOB 
ALOB 
ALOE 
ALOE 
ALOE 
ALOH 
ALOH 
ALOH 
ALOH 
ALOJ 

ALOJ 

ALOJ 

ALOJ 


more variable results than either a more thoroughly purified follicular 
stimulating preparation or an unfractionated extract. With preparations 
of this kind animal variation is a factor but when we consider that neither 
the unfractionated (ovaries always luteinized on comparable doses) nor 
a well purified follicular stimulating preparation (always follicles) shows 
this same variation, we cannot explain the facts on this basis but we can 
do so on the basis of two hormones. Since these two anterior pituitary 
substances appear to be quite similar chemically and since the separation 


is one of fractional precipitation, it is only reasonable to expect that in 


some preparations of the follicular stimulating fraction we may be success- 
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Fig. 1. Ovary of a rat 26 days old which,received the follicular stimulating frac- 
tion equivalent to 1.0 gram of powdered sheep pituitary. Weight 145 mgm. Note 
the absence of any lutein tissue. 

Fig. 2. Ovary of a rat, 26 days old, which received the unfractionated extract 


equivalent to 0.1 gram of powdered sheep pituitary. Weight 58 mgm. Only cor- 


pora lutea present. 
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ful in eliminating the luteinizing hormone quite completely while in others 
sufficient amounts to produce some luteinization may still remain when 
large doses are given. 

For comparison the data for a representative group of preparations of 
the unfractionated extract are presented in table 2 (fig. 2). The extracts 
were made as already described and prepared for injection by precipitation 
with tannic acid exactly as in the case of the follicular stimulating fraction. 

Examination of the data presented in tables 1 and 2 reveals the fact that 
a given dosage of the purified follicular stimulating preparation produces 


TABLE 2 
Effect of the unfractionated extract on ovaries of immature rats 


EQUIVALENT OF 
LUTEIN AVERAGE WEIGHT 
PREPARATION FOLLICLES ORIGINAL PITUI- 
| v NT FOV 
| DEVELOPME. | OF OVARIES TARY POWDER 


mgm. grams 
ALOG 306.0 08 
ALOG 163.0 04 
ALOG 60.0 01 
ALOG 27.0 0.05 
ALOK 254.0 0.4 
ALOK 161.0 0.2 
ALOK 72.0 0.1 
ALOK 38.0 0.05 
ALON 181.0 04 
ALON 57.0 0.1 
ALON ++ 31.0 0.05 


much smaller ovaries than the same dosage of the unfractionated extract. 
While this is in part due to loss which is unavoidable in the fractional 
separation of the two factors, this alone does not account for the difference. 


Fig. 3. Ovary (3) of a rat, 26 days old, which received a follicular stimulating 
preparation equivalent to 1.0 gram of powdered sheep pituitary. Weight 390 mgm 
Note the presence of some lutein tissue indicating that some of the luteinizing factor 
was still present in this preparation. 

Fig. 4. Ovary of a rat, 26 days old, which received 6 mgm. of castrate horse pitui- 
tary powder. Weight 30 mgm. 

Fig. 5. Ovary of a rat, 26 days old, which received 6 mgm. of castrate horse 
pituitary powder plus 5 mgm. of a luteinizing fraction from sheep pituitary powder. 
Weight 80 mgm. 

Fig. 6. Ovary of a rat, 26 days old, which received 20 mgm. of castrate horse 
pituitary powder. Weight 104 mgm. 

Fig. 7. Ovary (4) of a young rabbit which had received the follicular stimulating 
fraction equivalent to 2.5 grams of dried sheep pituitary. 

Fig. 8. Ovary (4) of a young rabbit which had received the unfractionated ex- 
tract equivalent to 2.5 grams of dried sheep pituitary. Note lutein development. 
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As already pointed out in our previous paper (Fevold et al., 1931) the com- 
bined action of the follicular stimulating and luteinizing factors is usually 
greater than the same dosage of the follicular stimulating factor alone and 
though the luteinizing factor is inactive when injected separately it in- 
creases the weight of the ovaries when combined with the follicular stimu- 
lating hormone. This point is demonstrated by the following experiments. 
Hellbaum (1933) has reported that a sample of pituitary powder prepared 
from the pituitaries of six castrate horses produced follicular development 
in the ovaries of rats when injected in saline emulsion. When this pitui- 
tary powder was combined with an insoluble luteinizing fraction from sheep 
pituitary powder which did not bring rats to sexual maturity, the ovaries 
were much heavier and were strongly luteinized. The results of a typical 
experiment are as follows: The average weight of the ovaries of rats which 
received 6 mgm. castrated horse pituitary powder was 33 mgm., 5 mgm. of 
luteinizing powder gave no increase in weight while the two combined 
produced ovaries weighing 85 mgm. (figs. 4 and 5). 

Results such as these cannot be explained on the basis of additive effects 
of a single hormone since the luteinizing preparation was inactive when 
injected alone and also the dosage of castrate horse pituitary may be in- 
creased with the result that ovaries as heavy as 180 mgm. may be produced 
with only follicular development (fig. 6). Neither can the two opposite 
results be attributed to difference in absorption since the castrated horse 
powder, the luteinizing preparation and the combination of the two, 
all were injected as saline emulsions of insoluble powders. 

Effect of pituitary extracts on immature rabbits. We have recently in- 
itiated the use of immature rabbits as test animals for pituitary prepara- 
tions and have found them to offer several advantages over immature rats. 
The chief advantage seems to be that the ovaries of rabbits are not quite 
as sensitive to the action of the luteinizing factor as those of the rat. Con- 
sequently the presence of small amounts of the luteinizing factor in the 
follicular stimulating preparation does not interfere with the results. On 
the other hand it is easy to produce luteinized ovaries in rabbits by adminis- 
tering the whole pyridine extract or its unfractionated equivalent or by 
the simultaneous injection of the follicular stimulating and the luteinizing 
fractions. 

Rabbits approximately twelve weeks of age were used. At this time 
the ovaries are small and contain only a few small follicles. The animals 
in the routine test are injected subcutaneously for the same period of time 
as the rats, namely, twice daily for five days and examined on the sixth 
day. The ovaries are measured and one or both fixed for microscopic 
study. 

The follicular stimulating preparation as previously described produces 
ovaries in rabbits comparable to those of the rats in that they show great 
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follicular growth. However, the results are different in that they show no 
luteinization in most cases and only very small amounts of lutein tissue 
in any case. Contrasted with this, the whole pyridine extract or its un- 
fractionated equivalent so far has produced ovaries in every case which 
are composed mainly and in many cases almost exclusively of corpora 
lutea when the dosage has been varied from 0.5 to 4 grams equivalent of 
sheep pituitary powder. 

Subsequent to the development of our first procedure for preparing the 
follicular stimulating extract, we have developed a second method, the 
product of which has been used chiefly in our work with rabbits. This 
preparation has the advantage of higher yield of the active substance but 
it is apparently not quite as free from the luteinizing substance as the prod- 
uct of the first method, as determined by tests on rats. However, as 
previously mentioned, it is not necessary to have the follicular stimulat- 
ing fraction as completely free from the luteinizing factor in order to pro- 
duce only follicular growth in the ovaries of rabbits. The method is as 
follows: The residue after evaporation of the whole pyridine extract is 
extracted with 33 per cent acetone as previously described. The aqueous 
acetone extract is evaporated and the solute is taken up in distilled water 
(10 ce. per 5 gm. dried sheep pituitary powder). To this are added 3 cc. of 
saturated benzoic acid solution in 99 per cent alcohol. It is well shaken 
and after standing approximately an hour is centrifuged. The solution 
contains the follicular stimulating material almost quantitatively. The 
active substance is precipitated by pouring the solution into five volumes 
of acetone, adding a few drops of saturated aqueous sodium chloride solu- 
tion and shaking. After standing for some time the precipitate settles out 
on the sides and bottom of the flask and the supernatant fluid may be de- 
canted off. The precipitate is taken up in water and the above process 
repeated. The acetone precipitate contains at least 95 per cent of the 
follicular stimulating activity of the solution before benzoic acid precipi- 
tation.? It is taken up in water (10 ec. per 5 gm. powder) and precipitated 
with 15 ce. absolute alcohol as before, repeating this treatment once. The 
final product is readily soluble in water or normal saline and is injected in 
this solution.’ 

The benzoic acid precipitates which contain most of the luteinizing fac- 
tor are united and freed from benzoic acid by washing with acetone, cen- 


2 Recently Katzman and Doisy (1932) have reported a method of concentrating 
the anterior-lobe-like substance from pregnancy urine by the use of benzoic acid. 
They find the active substance is carried down with the benzoic acid. In our pro- 
cedure the material which is carried down by means of the acid has much luteinizing 
ability but very little follicular stimulating action. 

3 Ba(OH), and phosphotungstic acid have beer used in the separation of the two 
principles with good success. The data from these preparations are not sufficient 
as yet to warrant comparison with the methods which are presented. 
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trifuging down the insoluble material. The precipitate is washed with 
water to remove the small amount of follicular stimulating material it may 
contain. If it is desired to recover the follicular stimulating material from 
this aqueous solution it may be purified as above. The insoluble material 
is practically inactive for follicular stimulation but is active for luteiniza- 
tion. 

Twenty-seven immature rabbits have received the follicular stimulating 
preparations in dosages which have been varied from the amount just 
sufficient to cause noticeable enlargement to that necessary to develop 
very large ovaries (0.5 to 6.0 gm. equivalent of sheep pituitary powder). 
The ovaries of twenty-one of these animals contained only clear follicles 
with no lutein tissue while those of the remaining six consisted primarily 
of follicles but in addition a few follicular cysts which were filled with 
blood were also present and in three cases two or three fairly complete cor- 
pora lutea. The remainder of the extract which produced corpora lutea 
in two of the three animals was again purified and after the second purifica- 
tion evoked only follicular growth when injected as before. A follicular 
stimulating preparation has never elicited more than slight luteinization 
as compared to the follicular development in the same ovaries or to the 
luteinization produced by the unfractionated extract in other rabbits. 

Twenty animals have been treated with either the unfractionated ex- 
tract or its equivalent, namely, the combined follicular stimulating and 
the luteinizing fractions. The dosage for this group of animals was varied 
between the limits of 0.5 to 4.0 grams equivalent of sheep pituitary powder. 
In every case the ovaries of these animals have been enlarged to varying 
degrees depending on the dosage and have been extensively luteinized. 
If a smaller amount than 0.5 gram equivalent is injected (0.2 gm. equiv.) 
the development which takes place in the ovaries is primarily follicular. 
The amount of luteinizing factor in 0.2 gram equivalent of sheep pituitary 
powder is apparently too small to produce extensive luteinization. This 
is shown to be the case since luteinizing hormone, which is inactive for 
follicular stimulation, may be added to the same amount of the unfrac- 
tionated extract (0.2 gm. equiv.) with consequent luteinization although 
the ovaries remain approximately the same size as before. 

The crude luteinizing fractions have been tested on fifteen infantile 
rabbits. In these animals the ovaries increased very little in size but the 
follicles which are normally present became luteinized. These prepara- 
tions were also tested on rats and found to contain at most negligible 
amounts of follicular stimulating activity. The equivalent of 0.5 gram 
injected into each of a series of rats did not produce opening of the vaginas 
and the uteri and ovaries remained infantile. If the aqueous suspension of 
the luteinizing material is boiled for an hour and then injected in immature 
rabbits, no change takes place in the ovaries and if the boiled preparation is 
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added to the follicular stimulating extract and injected, the result is the 
same as if the follicular stimulating hormone were administered alone. 
The luteinizing principle is labile to heat similar to the follicular stimulat- 
ing factor. 

In table 3 a series of typical results is presented. The ovarian de- 
velopment is given in degrees rather than by actual weight or measurement. 


TABLE 3 


Effect of various anterior lobe preparations on the ovaries of immature rabbits 


DOSAGE 

| | (EQUIVALENT 

| | STIMULATION LUTEIN 

| PREPARATION USED OF SHEEP FOLLICLES 

| OV: DEVELOPMENT 
OF OVARIES IEVELO 


POWDER) 


ANIMAL 
NUMBER 


grams 
Moderate -- 
Moderate 
Great + 1 B. fol. 
Great 2 B. fol. 
Great | +4 1 B. fol. 
Little ++ 
Little 
Little 
Little 
Very little 
Little 
Moderate 
Moderate 
Great 
Moderate 
None | Normal 
Great | 
Moderate | 
Moderate 

| Little 


to 


2 
2 
1 
0 
1 
2 


bv 


| A + boiled B | 
Boiled B 


or 


Preparation A = Follicular stimulating fraction. 

Preparation B = Luteinizing fraction. 

Preparation C = Unfractionated extract. 

B. fol. refers to hemorrhagic follicles which do not contain lutein tissue. 


The size of the ovaries varies over a wide range from animal to animal and 
it is only by actual observation that a true picture of the degree of develop- 
ment can be determined. 

Discussion. ‘There is considerable difference of opinion as to whether 
the ovarian responses produced by anterior pituitary extracts are due to 
one or two hormones. It seems to be the general tendency at the present 
time to ascribe the formation of follicles and corpora lutea by such prepara- 
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270 A 
271 A 
284 A 
315 A 
316 A 
301 B 
280 B 
286 B 
287 B 
} 325 B 
283 A+B 
272 A+B 
275 A+B 
278 A+B 
296 
249 Cc 
251 C 
250 C 
253 C 
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tions to a single active principle. To substantiate this opinion it is claimed 
that a different response may be produced, by varying the dosage of an 
extract and by varying the length of the treatment. It has also been 
suggested that animal variation, difference in the rate of absorption, and 
other factors influence the final results. However, there are some who 
still hold to the dual theory of sex hormones of the anterior lobe. Of these 
we may mention Zondek (1930a, b) who arrives at that conclusion from 
his work with pregnancy urine (Prolan B), and urines from women who 
have experienced either natural or surgical menopause (Prolan A), and 
Wiesner and Marshall (1931) who believe that it is impossible to explain 
the results produced by pituitary extracts on the basis of only one hormone. 
Evans and his collaborators (1928) have, in the past, stated that the ex- 
perimental results seemed to show the action of two separate principles 
but at the present time they indicate that the results can be explained on 
the basis of only one active substance (1932). Friedman (1930) has 
pointed out that different responses may be elicited by varying the dosage 
and the methods of administration. Wallen Lawrence and van Dyke 
(1931) state that the idea of two sex hormones is still without sufficient 
experimental support. We do not see, however, that the various factors 
mentioned in support of the single hormone theory can adequately ac- 
count for the experimental results which have been presented in this paper. 

It is evident from the results which have been presented that dosage of 
a single principle cannot account for the facts. Animal variation is in- 
adequate because if this is to be invoked we must assume that it should be 
approximately the same for all extracts, which is not true. Also in rabbits 
animal variation plays very little part as has already been pointed out. 
Difference in rate of absorption can scarcely be an adequate explanation 
since castrated horse pituitary and sheep pituitary powder may be in- 
jected in saline emulsion and the results, although the absorption rates 
should be approximately equal, are opposite with respect to follicular and 
lutein development. When clear aqueous solutions of the follicwar stimu- 
lating substance are injected they give qualitatively the same results as the 
insoluble castrated horse powder although the absorption rates must be 
quite different. Length of time of injection or method of administration 
cannot be factors in the results because these have been kept constant. 

It has been stated that the purest follicular stimulating fractions produce 
lutein tissue in rats if injected for long periods of time (Engle, 1933). 
While this is true that fact cannot explain why two different results can be 
obtained in the same period of time and on the same dosage with the fol- 
licular stimulating and the unfractionated extracts. Also, long time in- 
jections of a “pure” follicular stimulating preparation may not produce 
luteinization in the ovaries of rabbits. Rabbits may be injected for twenty 
days with a preparation which induces only follicular growth in five days, 
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and the follicles after the ninth or tenth day begin to involute and continue 
to decrease in size in some cases without any luteinization setting in. In 
other cases the ovaries do not begin to involute before the twelfth day and 
still contain only follicular growth. 

There seems to be a species difference in the threshold required for lu- 
teinization. Thus, a follicular stimulating preparation which elicits only 
follicular development in a rabbit may produce a considerable amount of 
lutein tissue in rats and an unfractionated extract which causes luteiniza- 
tion in both rats and rabbits, induces only follicular growth when injected 
in the same manner in monkeys. The extract is injected subcutaneously 
in each case so the method of administration can not explain these results. 
It seems, therefore, more probable to explain the luteinization by high 
dosage of a follicular stimulating preparation, especially in the case of the 
rat, by assuming that the threshold for luteinization is reached by the small 
amount of luteinizing hormone which is present in the follicular stimulat- 
ing extract. On long continued injections this threshold may also be 
reached or it is possible that with rats, some factors enter in, due to age, 
and over which we have no control. 

It seems difficult at best to explain the experimental results on the basis 
of only one hormone while the idea of two separate principles accounts for 
the facts much more completely. Briefly these are the facts which must be 
explained. The unfractionated extract produces follicular development 
with luteinization either in rats or rabbits, with the exception which has 
been explained. From this extract two separate fractions have been pre- 
pared, one of which has very little or no action on the ovaries of immature 
rats and in rabbits twelve weeks old it only changes the small follicles 
which are already present in the ovaries to corpora lutea. The second 
fraction has great follicular stimulating activity with relatively little 
ability to produce lutein development. In the rabbit its luteinizing po- 
tentiality seems to be very much less than in the rat. When these two 
fractions are united, follicular development and luteinization is invariably 
the result both in rats and rabbits. In addition to these facts we also find 
that the powdered pituitaries from castrated horses possess very little 
ability to cause luteinization in rats, but if this powder is united to the 
insoluble fraction prepared from sheep pituitaries, which, when injected 
alone has no effect, luteinized ovaries again are produced. 

In attempting to explain these facts on the basis of one hormone it seems 
that one would have to conclude that, during the process of purification, 
this one active principle was changed from a substance which had much 
luteinizing activity to one which has relatively little. It would have to be 
assumed that the second fraction was composed of inactive material since 
it has no action on the ovaries of immature rats, but it would be difficult 
to reconcile this with the fact that the same inactive material in rabbits, 
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where small follicles are already present, changes them to corpora lutea. 
When this fraction is added back to the follicular stimulating fraction, 
one would have to draw the conclusion that the one active substance is 
thereby changed back to a state where it again has the ability to produce 
luteinized ovaries in both rats and rabbits. The active principle in the 
castrated horse powder would also have to be changed, merely by the ad- 
dition of some inactive insoluble powder, from one which originally pro- 
duced follicular growth to one which produces follicular growth with lu- 
teinization. Again, if we heat this inactive insoluble powder for a period 
of time, it no longer has the ability to elicit this change. Such assump- 
tions do not seem to be justified. 

On the theory of two hormones, one a follicular stimulating substance 
which produces only follicular development and a second luteinizing fac- 
tor which cannot act except when follicular development has previously 
taken place, the explanation becomes quite evident. The results for the 
unfractionated preparation are explained as being due to the action of two 
substances, one producing follicular growth and the other luteinization of 
the developing follicles. Likewise the insoluble fraction, which has no 
effect on the ovaries of an immature rat is ineffective because there are no 
structures upon which it can act. The follicular stimulating hormone, 
contained in the water soluble preparation, must first produce follicles 
before the luteinizing hormone can function. The fact that all prepara- 
tions of the follicular stimulating substance do not give pure follicular 
growth in rats may be due to the more complete separation in some cases 
than in others, since it is evident that the separation in no case is entirely 
complete. Rats are more sensitive to the presence of small amounts of 
the luteinizing factor, hence the variability in the results, which, however, 
is not true when rabbits are used as test animals. 

While the data for immature rats seem convincing evidence for the pres- 
ence of two hormones, they are not as obvious as the results for juvenile 
rabbits for the reason that rats are subject to more variation from one 
preparation of the follicular stimulating fraction to another. With rab- 
bits the results for the unfractionated preparation, its two separated frac- 
tions and the combination of these two fractions have been so definite and 
consistent that there scarcely seems to be any other plausible explanation 
than the presence of two separate factors and that we have made a sub- 
stantial, though not complete separation, of the two principles. 


SUMMARY 


An aqueous pyridine extract of desiccated sheep pituitary powder has 
been fractionated into two preparations. One fraction, which is charac- 
terized by being water soluble, is very active in stimulating growth of 
follicles in the ovaries of immature rats and rabbits and relatively inactive 
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in inducing lutein development. The second fraction is more insoluble in 
water and is practically inactive for the stimulation of follicular growth, 
but is active for luteinization. It has very little action if any on the ova- 
ries of immature rats but in rabbits where small follicles are already pres- 
ent in the ovaries it changes them to corpora lutea. If injected together 
with the follicular stimulating preparation it changes the developing fol- 
licles to corpora lutea in rats and rabbits. The united extracts are equiva- 
lent physiologically to the original unfractionated extract. 

Rats seem to be more sensitive to small amounts of the luteinizing factor 
than rabbits. The ovaries of rabbits are, however, readily luteinized by 
moderate amounts of the luteinizing hormone. Consequently the use of 
rabbits as test animals offers definite advantages over rats. 

The authors are of the opinion that the development of follicles and 
corpora lutea in the ovaries of rats and rabbits is due to the action of two 
separate principles, one which causes growth of follicles and a second which 
changes the follicles to corpora lutea and that these two factors have been 
substantially separated from one another though the separation is not en- 
tirely complete. 
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